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ABSTRACT 
The Interaction of Rayleigh surface waves with artificial 
surface-breaking and near surface flaws in a half-space have been 
investigated. The work reported in this thesis substantiates the 
validity of ultrasonic spectroscopy as an effective tool in 
nondestructive evaluation of the depth of such flaws. 
Dynamic photoelasticity was used to obtain full-field 
visualization of ultrasonic waves propagating in biréfringent materials 
and their interaction with flaws of interest. Since Rayleigh waves lose 
a lot of their energy when they interact with surface discontinuities, 
the birefringent model material should have a low fringe constant. 
Sufficient birefringence should be left in the photoelastic image of the 
ultrasonic waves, after Interaction with discontinuities, to reveal the 
structure of the waves. PSM-1, which is a tough polymer of very low 
stress fringe value, was chosen for this purpose. However, when 
stress-optic sensitivity is high, the fringes obtained from the 
photoelastic images of the input wave, before interaction with a flaw, 
are very closely spaced. The available high-speed Cranz-Schardin camera 
has an effective exposure time of 600 nsec. This is too long to resolve 
the structure of the input wave and obtained fringes in the photoelastic 
image of the wave are smeared out due to the motion of the fringes 
during the exposure time. To avoid smearing, much shorter exposure 
times are needed. 
Sufficiently short exposure times were achieved with a high-power 
pulsed YAG laser which has a pulse duration of about 15 nsec. The 
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output was coupled into an optical fiber which then illuminated the 
dynamic model. The results are photoelastic pictures with excellent 
fringe resolution and negligible smearing effect. The photoelastic 
pictures obtained in this manner were digitized by an image analysis 
system "EYECOM II". The exact location of the fringes on the boundary 
of the model were obtained through an image analysis program. From this 
the waveform plots of the stress magnitudes along the edge were 
obtained, and stress waveforms were fitted to this data through a cubic 
spline fitting routine. The maximum fringe order counted in the 
transmitted and reflected wave-trains for each surface and sub-surface 
slit were used to calculate their corresponding transmission and 
reflection coefficients. The obtained results were compared with the 
available results in the literature. 
The Fast Fourier Transform of the resulting spatial waveforms was 
performed to yield the frequency spectrums of the wave-trains before and 
after interactions with a surface or near surface slit. It was observed 
that some of the variations in the spatial frequency spectrums, 
particularly the shift in the location of the peaks in these spectrums, 
were related to the changes in the size of defects. Characteristic 
plots which demonstrated this relationship, and related the peaks in the 
spatial frequency spectrums to defect sizes, were constructed. Both the 
transmitted and reflected wave-trains from the interaction of Rayleigh 
waves with the defects proved to be effective in the estimation of 
surface slit depths or the ligament sizes of the near surface slits. 
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The optimal ranges for the detection of the depth of surface slits 
and the ligament sizes were determined with respect to the Rayleigh 
wavelength in different materials. In both cases, an estimation was 
made as to the maximum depth of a surface slit or a ligament size which 
could be detected and characterized using ultrasonic spectroscopy. 
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I. INTRODUCTION 
A. Nondestructive Evaluation 
In recent years, increased attention has been paid to testing for 
reliability and safe life prediction for structures. This stems from 
economic factors, and rapid advancements in design and manufacturing 
technology of light-weight, high-strength materials. In many fields of 
technology there is à severe penalty for extra weight so that there is 
pressure on designers to reduce factors of safety and structural dead 
loads. Under these conditions, the presence of micro-cracks, small 
inclusions and localized defects in materials become of serious concern 
for their deleterious effect on the safety of structural assemblies, 
specially in fabricated joints and welded structures. Fracture can 
originate from even small defects. Fracture mechanics has evolved to 
assess the contribution of such defects and their increase in size, to 
the reduction in the residual strength of structures. It is then 
possible to more accurately predict the safe in-service life of 
structures [1]. However, before fracture mechanics can be successfully 
applied, it is necessary that the size of the pre-existing cracks and 
flaws, when the structure starts its service life, be known and that 
their rate of growth be accurately monitored. This task must be 
accomplished without damaging the structure, and preferably without 
halting its operation. 
The process of characterizing flaws for determining their shape, 
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size, location, orientation, composition, rate of growth, etc., is 
called Quantitative Non-Destructive Evaluation (QNDE). The use of QNDE 
is rapidly growing and the sophistication of applied technologies is 
dramatically improving. There is a growing interest in the 
implementation of more versatile nondestructive evaluation techniques 
that have greater accuracy in defining smaller defects. Some popular 
nondestructive testing methods are: Liquid penetrant inspection; 
magnetic particle testing; X-ray radiography; acoustic emission; eddy 
currents; thermography and ultrasonics. 
Liquid penetrant is a visual inspection method which is reasonably 
good for locating surface defects but it is not very accurate in 
quantitative characterization of defects. Magnetic particle testing is 
also a visual method which is only applicable in detection of flaws on 
or close to the surface of the material being tested. This method 
cannot predict the depth of such defects. Radiography is one of the 
most frequently used NDE methods. It takes advantage of the fact that 
X-rays or gamma rays upon passing through a structure, are absorbed 
differently by the inhomogeneities within the material. The locations 
where these inhomogeneities occur, will appear as shadows in the 
obtained radiographic images. Thin cracks which are perpendicular to 
the axis of ray propagation, do not produce enough attenuation and are 
left undetected. Acoustic emission takes advantage of the phenomenon 
that as a crack grows, small amounts of energy are released in the form 
of acoustic waves propagating into the material. Sensors pick these 
signals up and use them to determine the location and rate of growth of 
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cracks. Signal processing for this technique has advanced considerably 
in recent years thus making acoustic emission a viable and emerging 
method in QNDE. Eddy currents are introduced into electrical conductors 
when a coil carrying alternating current is brought near them. The 
presence of defects, cracks, variations in chemistry or thickness of the 
material can change the path of these currents which are detected by 
coiled probes. 
Thermography for detecting defects in metals is a relatively new 
NDE technique (2], Heat is applied to the surface of the specimen, 
preferably in a uniform fashion. As heat is conducted away from the 
source, obstructions to its flow caused by voids, inclusions, and any 
other change affecting thermal diffusivity, reveal their presence 
through their effect on the time varying thermal radiation from the 
surface. The transient variations of surface temperature are detectable 
by any one of several temperature sensors so that defects such as voids 
and inclusions can be detected and sized. Recent advancement in 
sensitivity and speed of detection by infrared cameras holds great 
promise in effective application of this method [3]. 
Ultrasonic testing remains as one of the more widely used methods. 
It has relatively low cost, and is able to locate and characterize small 
defects even inside large structures. The method works for both surface 
and sub-surface flaws in metals and nonmetals. The scattering 
characteristics of acoustic waves within materials are used to reveal 
information about the internal make-up and the presence of defects. 
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B. Statement of Problem 
This dissertation describes a technique that uses Rayleigh surface 
waves to characterize shallow cracks at or near a free surface. 
Qualitative and quantitative detection of near surface and surface 
breaking flaws are of great Importance. These flaws often represent the 
early stages of the majority of fatigue failures. Cracks are often 
Introduced to the surface of materials during finishing operations such 
as grinding or machining. Near surface cracks are present in some 
welded joints and regions of very high contact pressure. These types of 
defects are also present in structures where rust has covered the top of 
surface cracks or when heavy machinery has closed the tip of the surface 
cracks by rolling over them. 
Rayleigh waves are particularly suitable for detection and 
characterization of surface breaking and near surface defects due to 
their nondlspersive nature and other properties such as confinement of 
most of their energy near a free surface. Rayleigh waves are ultrasonic 
surface waves with longitudinal components of displacement in the 
direction of propagation and transverse components of displacement 
normal to the free surfaces [4]. An important property of Rayleigh 
waves is that their energy decays exponentially with an Increase in 
depth of penetration [5]. Low frequencies penetrate deeper than high 
frequencies, thus different ranges of frequencies are present at 
different depths. 
There are a number of signal analysis techniques available for 
analyzing the received signals generated by an ultrasonic transducer. 
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Frequency analysis is the method of choice in this investigation. The 
general approach is to generate a broad-band ultrasonic pulse and to 
perform a frequency analysis first on the initial or input signal and 
then on the received signal which may be the reflected, scattered or 
transmitted after interaction with a defect or cluster of defects. 
Variations in the frequency spectrum of the received signal, when 
compared to that of the input signal, can reveal information about the 
internal make-up of the material being tested. Surface defects act as 
low pass filters for an incident Rayleigh wave with depth of penetration 
greater than the depth of the slit [6-10]. It has been observed that 
the cut-off point due to this filtering effect is close to the frequency 
that has a wavelength equal to the depth of the defect. A progressive 
shift has been observed for these cut-off points and peaks of the 
frequency spectrums of the transmitted signals as the depth of induced 
cracks or slits were increased. 
The basic problem lies in the fact that Rayleigh waves upon 
interacting with a corner at a quarter-plane, not only are reflected and 
transmitted, but part of their energy goes to generating mode converted 
body waves [11,12]. The tip of the corner acts as a source point which 
generates diffracted (P) and (S) waves. If the source point is buried 
within the material (i.e., the tip of a surface crack) the diffracted 
body waves which can reach the surface of the material at grazing 
incidence, mode convert back to Rayleigh waves. This complicates the 
received signals since these mode converted diffracted waves superimpose 
the Rayleigh waves on the transmitted and reflected signals and cause 
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interference. In the case of a surface crack, there are at least three 
such corners which act as source points for mode converted waves thus 
making the Interpretation and frequency analysis of the received signals 
a formidable task. 
The same problem exists for near surface defects which, upon 
interacting with an input Rayleigh wave, produce transmitted and 
reflected wave-trains composed of several superimposed waves. These 
waves include those portions of the Rayleigh wave which pass through the 
ligament on top of the defect in the transmitted wave-train or those 
portions that are reflected by the defect in the reflected wave-train 
[13], and they are accompanied by the diffracted waves due to the 
diffractions occurring at the tips of the flaw. The challenge lies in 
the correct interpretation of the nature of these superimposed waves and 
identification of the sources that generated them. 
A thorough understanding of the mechanism through which the 
Rayleigh waves interact with surface and near surface flaws of different 
sizes and orientation is required for effective application of spectral 
analysis techniques. This is made possible by dynamic photoelasticity 
which provides full field visualization of the stresses produced by an 
elastic wave travelling in a solid and interacting with defects [14-15]. 
Dynamic photoelasticity has been used extensively for full field 
investigation of the behavior of ultrasonic surface and body waves while 
propagating in biréfringent materials [16-19]. 
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C. Objectives 
The available Cranz-Schardin camera can take 16 sequential 
photoelastic pictures with controlled delay between each frame, and 
provides an effective exposure duration of 0.6 |isec [20-22], PSM-1 was 
selected as the biréfringent material for this investigation due to its 
low fringe constant which made it possible to obtain closely spaced 
fringes. Rayleigh waves travel on the surface of PSM-1 with the 
velocity of about 0.89 mm/jisec. During the 0.6 jisec effective exposure 
duration, the fringes caused by a Rayleigh wave travel about 0.53 mm. 
This causes substantial amount of smearing of the fringes. To avoid 
this smearing and to improve fringe resolution, a pulsed laser coupled 
to a high power optical fiber was employed as the light source for ultra 
high-speed photography. The available "Quantel" high power pulsed laser 
system used for this purpose, has a pulse duration of about 15 nsec 
which can provide dynamic photoelastic pictures of high resolution. In 
addition, a built-in time delay generator made it possible to precisely 
control the timing of successive pictures. 
The Rayleigh waves were generated on the edge of the photoelastic 
material by igniting a small explosive charge of Lead Azide [22]. 
Photoelastic pictures of Rayleigh waves generated from 50 mg charges are 
presented in Figure 1.1 (Cranz-Schardin) for comparison with Figure 1.2 
(Quantel laser system). The superiority in the fringe resolution of the 
picture taken by the laser system is evident. The only drawback was 
that for each lead azide charge exploded, when using the laser system, 
only one picture could be taken compared to the 16 sequential pictures 
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Figure 1.1. Incident Rayleigli wave (Cranz-Schardin system) 
9 
Figure 1.2. Incident Rayleigh wave (Laser system) 
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taken by the Cranz-Schardin system. For this research, both systems 
were used to complement each other. The laser system provided the 
necessary resolution while the Cranz-Schardin system provided a larger 
field of view and sequential pictures. 
The main objectives of this research were to investigate the 
parameters affecting the generation of Rayleigh waves, and the 
interaction of such waves with surface and near surface slits. 
Employment of a pulsed laser as the light source for dynamic 
photoelastlclty made it possible to use PSM-1 as the biréfringent 
material and consequently, to obtain photoelastic pictures of much 
higher resolution than had been possible previously. This resulted in 
the more accurate construction of stress wave-form plots of transmitted 
and reflected wave-trains. The transmission and reflection coefficients 
based on the maximum fringe orders present in the transmitted, 
reflected, and the corresponding incident Rayleigh waves were 
calculated. These coefficients were then compared to the results 
obtained by others through dynamic photoelasticity and conventional 
ultrasonic testing [7,23,24]. Near surface inclusions such as 
cylindrical cavities have also been successfully characterized [13,25] 
and their transmission and reflection coefficients for a variety of 
sizes, depths and types of inclusion are available [24]. However, 
experimental results for characterization of sub-surface slits could not 
be found and their transmission and reflection coefficients are not 
tabulated. The photoelastic results of the interaction of incident 
Rayleigh and body waves with near surface slits are presented along with 
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their corresponding transmission and reflection coefficients. 
Spectral analyses were performed on the obtained photoelastic 
information and variations in the spatial frequency spectrums with 
respect to the changes in defect size were Investigated [26,27]. 
Characteristic curves were developed which relate variations such as the 
peak of spatial frequency spectrums to the depth of surface slits or the 
size of ligaments on top of near surface slits. The projection of these 
curves were used to postulate the limits for estimation of defect sizes 
(i.e., the maximum depth of surface slit or the maximum ligament size 
for near surface slit) by using Rayleigh wave ultrasonic spectroscopy. 
This information can then lead to effective interpretation of the 
received signals and frequency analysis in conventional ultrasonic 
testing [8,9,11,13,24]. 
II. LITERATURE REVIEW 
Fracture mechanics enables us to predict the in-service life span 
of a structure. However, for its successful application, accurate 
estimation of the size and orientation of flaws and inhomogeneities 
within the material are required. Detection and sizing of surface and 
near surface cracks are of prime importance since they represent the 
early development stages of the majority of fatigue cracks. Near 
surface cracks and inclusions have initiated many premature structural 
failures [28]. The better the accuracy in size estimation of such 
imperfections, the more dependable are the predictions from fracture 
mechanics [29]. Figure 2.1 illustrates the case of an initial crack of 
length a^ which is propagating due to fatigue loading [30]. A small 
improvement in characterizing the initial size of cracks, causes 
significant improvement in the service life prediction of the structure. 
The research reported here is concerned with improving the accuracy of 
measuring a^ and the accuracy with which subsequent growth increments 
can be monitored. 
The general procedure in ultrasonic NDE is to use ultrasonic 
transducers for generating ultrasonic waves within materials. These 
waves are transmitted, reflected, and diffracted when they interact with 
a flaw. The reflected and/or refracted waves are picked up by the 
original transducer (pulse-echo mode) or the transmitted waves by a 
second transducer (pitch-catch or through transmission modes). The 
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Figure 2.1. Schematic representation of fatigue crack growth 
curve under constant amplitude loading 
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into electrical signals that are amplified and displayed on an 
oscilloscope screen. The main challenge lies in the interpretation of 
such data for defect characterization. Rayleigh ultrasonic waves are 
attractive candidates for use in ultrasonic testing for such defects due 
to their nondispersive nature and low attenuation. Most of the energy 
carried by Rayleigh waves is confined to the area close to the boundary 
and decays exponentially as the depth of penetration is increased. In 
1885, Lord Rayleigh was the first to discover such surface waves along 
with some of their properties [31]. A detailed description of 
propagation characteristics and behavior of such waves are available in 
the literature [32]. 
There are several methods currently employed to analyze received 
signals from ultrasonic transducers in order to characterize 
inhomogeneities and defects within materials. The more popular methods 
are inverse methods, numerical analysis, amplitude measurements, time of 
flight measurements, and spectral analysis. 
A. Analytical and Inverse Methods 
A considerable amount of research effort has been expended in 
predicting the diffraction behavior of ultrasonic waves due to their 
interaction with flaws of different geometries and in different 
materials. Upon successful prediction of such behavior, the 
investigators cculd analyze received ultrasonic signals for accurate 
defect sizing. The basic difficulty lies in the inability to come up 
with a valid scatter model which would work for defects of different 
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geometries and sizes since there are many variables that introduce 
scatter into measurements. Some of the important factors are the crack 
type, depth, orientation, length, and crack boundary conditions. In 
addition one has to take into account the variations introduced by the 
operating equipment such as transducer variations and contacting 
problems. 
A frequently used theory is Keller's geometric theory which 
assumes that the diffracted waves originating from a discontinuous edge, 
propagate like a cone [33]. This method is used for predicting 
scattering from disk shaped flaws, holes, and spheres and its 
application has met with some success 134]. This theory is also used 
for the study of the diffraction of P waves from a crack and a 
semi-infinite crack. Another approach is the Kirchoff approximation 
which is used in studies such as the reflection of elastic waves from 
rough boundaries [35]. There are also a few inverse methods which 
employ Rayleigh waves for crack sizing (38-44J. Efforts in analytical 
investigation of elastic wave scattering by surface and sub-surface 
discontinuities have achieved some success in matching with the results 
obtained from experiments. The problem of the wedge has been 
extensively studied and the results obtained for the transmission and 
reflection coefficients for different angles of the wedge have been 
tabulated [36]. Viktorov conducted an extensive study of the same 
problem and arrived at the important conclusion that the values of these 
coefficients are the same for any elastic medium and that the reflection 
and transmission coefficients are Independent of the wavelength, and 
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therefore of frequency [37]. He also investigated the interaction of 
Rayleigh waves with a thin slot normal to the surface and presented 
reflection and transmission coefficients for slits of different depths. 
Surface cracks of different depths, exhibit certain scattered 
radiation patterns which can be used for depth estimation. Achenbach 
and his co-workers were the originators of using the superposition 
principle to come up with the exact solution for the scattering of waves 
by an edge crack [38,39]. They superimposed the scattered field in the 
cracked half-space generated by surface tractions on the crack faces 
with the incident field in the uncracked half-space to come up with the 
total field. Of particular interast is the "Ray" theory which they used 
for solving the same type of problems with less computational effort 
[40]. When an incident Rayleigh wave interacts with a surface crack, in 
addition to the transmitted and reflected waves from the edges, the tip 
of the crack act as a point source for generating diffracted body waves. 
This gives rise to the interference phenomena which has been interpreted 
on the basis of elasto-dynamic Ray theory. Simple expressions for the 
forward and back scattered Rayleigh waves from the interaction of an 
incident Rayleigh wave with surface and sub-surface cracks were obtained 
[41]. Achenbach et al. then investigated the inverse problem with the 
knowledge of the exact solution for such a scattered field. They 
managed to estimate the size and orientation of a flat elliptical crack 
to within 5% of the actual crack size, using an "inverse integral" 
technique [42]. 
The problem of scattering of incident Rayleigh waves from 
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interaction with a sub-surface flaw is much more complicated. Vischer 
used a completely different approach to find the scattering of elastic 
waves by a sub-surface planar crack. He used a boundary integral 
representation method (BIR) which expressed the elastic displacement 
field in terms of an integral over the crack surface of the crack 
opening displacement (COD) [43]. For the problem of a circular or 
cylindrical inclusion embedded in a half-space, Datta and El-Akily used 
the method of matched asymptotic expansions (MAE) {44]. They obtained 
the amplitude of the scattered displacement at points on the free 
surface remote from the cavity and for a range of depths of cavity. 
Their analytical results were substantiated later through experiments 
conducted by Vu and Kinra (24]. 
A lot more work needs to be done in the area of inverse methods. 
It holds great promise in accurately predicting the outcome of the 
Rayleigh waves interaction with flaws of different geometry. The 
additional insight gained by further research in this area can cause 
substantial improvements in numerical modelling of ultrasonic waves 
propagating in materials. Numerical methods can predict and visually 
display the interaction of ultrasonic waves with different geometries 
and especially for cases in which analytical results are not available. 
B. Numerical Analysis 
This relatively new approach has been made possible by the 
advances in numerical analysis techniques, better and more sophisticated 
numerical modelling, and ever increasing computing power with a 
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corresponding decrease in cost. It is now possible to numerically 
visualize the propagation characteristics of ultrasonic waves and their 
interaction with flaws of different geometry and orientation in 
different materials [45,46]. The finite difference method is 
effectively used and seems to be the most popular numerical method for 
this type of application. 
Of special interest is the ongoing research work by Bond and his 
colleagues who have successfully managed to model Rayleigh wave 
propagation characteristics and their interaction with surface 
discontinuities (47-50). They have applied finite difference methods to 
a range of scattering problems such as interaction of Rayleigh waves 
with surface slots, steps, partially closed cracks, etc. Their 
sophisticated computer programs enable them to obtain numerical 
visualization pictures of high quality for such interactions. Figure 
2.2 presents one such result where the interaction of an incident 
Rayleigh wave with a surface slit has been visualized [48]. A major 
goal for the future continuation of the research reported here is to 
validate the numerical results of Bond and his colleagues through 
comparisons made with the obtained photoelastic information. 
C. Amplitude Measurements 
Such techniques rely on the principle that the amplitude of the 
reflected signal is related to the defect size. The amplitude 
measurement methods for crack sizing have proved more unreliable than 
other methods such as time of flight measurements and ultrasonic 
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Figure 2.2. Numerical visualization of the displacement fields 
of a narrow slot [48] 
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spectroscopy [51]. The amplitude of the received signal especially 
depends on the type of scattering introduced by the defect to the input 
wave. Some of the important parameters which directly influence the 
amplitude of the received signal are the defect shape, its boundary 
conditions, and the stress field in the proximity of the defect [52]. 
Other parameters such as the material surface condition and roughness, 
inhomogeneities within the material and the attenuation characteristics 
of the ultrasonic waves in the received signal can also profoundly 
affect the results from such measurements [53,54]. 
D. Time of Flight Measurements 
These methods have proved practical and relatively easy to apply 
in sizing defects of different sizes and geometries and at different 
locations on or within the material. One approach for sizing internal 
cracks is to measure the difference in the time of arrival of two 
diffracted longitudinal waves as demonstrated in Figure 2.3. Using this 
method, it is possible to estimate the size of fatigue cracks of over 6 
mm in depth to an accuracy of about 0.5 mm [55]. The same method can be 
used in a pulse-echo mode of operation which uses the time of arrival of 
the longitudinal (P) wave deflected from the opposite face of the 
specimen as shown in Figure 2.4 [56]. However, with todays strict and 
challenging requirements for material testing, better accuracy in 
characterizing defects is needed. 
Shear (S) waves are better candidates for use in timing 










Figure 2.3. Using time of flight of diffracted waves for 
defect sizing (pitch-catch mode) [55] 
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Figure 2.4. Using time of flight of diffracted waves for 
defect sizing (pulse-echo mode) [56] 
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derives from their lower propagation speed (about half that of the P 
waves) [57]. However, good coupling is required between shear wave 
transducers and the surface of the test specimen. Also, the received 
signal is usually composed of a number of superimposed mode converted 
waves which makes the signal analysis very difficult. 
Surface wave transmission method has proved to be the most 
accurate timing method for sizing surface breaking defects [58]. 
Rayleigh ultrasonic waves have a depth of penetration of approximately 
twice their wavelength. The induced particle displacements, i.e., their 
energy levels are very low and hard to discern below a depth of 1.6 X (X 
= wavelength of incident surface wave) [32]. Figure 2.5 shows one 
example of the use of Rayleigh waves to measure the depth of a slot 
normal to the surface. That portion of the incident Rayleigh wave which 
strikes the face of the defect, has to travel around the defect boundary 
and is called the transmitted Rayleigh R*". Upon interacting with an 
incident Rayleigh wave, the tip of the defect acts as a source point and 
diffracted body waves are generated. The diffracted shear wave, S, 
which propagates to the opposite side of the specimen, is reflected back 
and upon striking the tip of the defect, mode converts back to a 
Rayleigh wave. This surface wave propagates along the boundary of the 
defect until it reaches the surface and is called RSR. The time delay 
between the R^ and RSR is used to estimate the depth of the surface flaw 
[51]. The diffracted waves from the tip of the defect that reach the 
surface can superimpose with the transmitted and reflected waves on the 
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Figure 2.5. Schematic representation of using Rayleigh waves 
in time of flight measurements [58] 
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especially when the surface or near surface defects are small. It 
becomes simpler to distinguish these superimposed ultrasonic waves from 
each other if the rise time duration of the original input pulse is 
reduced which means using a broader band pulse. Other serious drawbacks 
to timing methods are the possible timing errors due to the effects of 
surface condition, and orientation of defects [59]. 
E. Spectral Analysis 
Spectral analysis has proved very useful in quantitative 
nondestructive evaluation. This method is affected less by most of the 
problems that afflict the other signal analysis techniques (51]. The 
general approach is to generate a broad-band ultrasonic pulse and to 
perform frequency analysis on the received signal. This is done by 
means of time domain to frequency domain conversion through Fourier 
Transform [60]. Variations in the frequency spectrum of the received 
signal, when compared to that of the original input signal, can reveal 
information about inhomogeneities and defects in the path of the input 
wave. This method has been successfully used in assessment of defect 
geometries, determination of microstructure, and search for 
delaminations in composites [26]. In most applications, a frequency 
range of 0.5-30 MHz is used. At the lower frequencies the wavelength 
becomes too large for microstructure studies and sensitivity in 
detecting and characterizing small flaws is lost. On the other hand, at 
higher frequencies rapid attenuation of the ultrasonic waves is observed 
because of strong scattering due to polycrystalline grain structure 
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[61]. A generalized approach with respect to data aquisition and signal 
processing was introduced by Rose and Meyer for detecting flaws of 
different geometry at different depths and different type of materials 
[62]. They also investigated the effects of transducers and other 
equipment in the accuracy of flaw detection. 
An approach which is gaining popularity among researchers deals 
with the phenomena that modulations are observed in the frequency 
spectrum of reflected and transmitted waves originating from the 
interaction of ultrasonic waves with a defect. These resonance-like 
variations in the frequency response spectrum are due to the 
interference of the scattered waves arising from the points of scatter. 
The existence of two somewhat separated pulses in the time domain is 
equivalent to their interference and causing modulations in the 
frequency domain. The shape and the spacing between maximums or 
minimums in these modulations are related to the defect size and have 
the potential to reveal information about its location and orientation 
[63,64]. Investigators have been able to determine the size of cavities 
and penny-shaped cracks using this method of spectral analysis [65-67]. 
Other researchers use the same principle in the surface wave 
spectroscopy technique for sizing surface defects. Tittman et al. 
successfully estimated the size of a single "half-penny shaped" surface 
defect by measurement of the angular and frequency dependence of the 
surface wave scattered radiation pattern [68]. Ayter and Auld have 
analytically related these resonant frequencies to the crack size [69]. 
Morgan experimentally estimated the depth of slots by relating them to 
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the measured frequencies of the maxima in the spectrum of the received 
signals [70]. However, in order to obtain accurate results, a perfectly 
broad-band Incident wave must be generated which is not possible with 
the present technology. For effective application of this method, it is 
necessary to compensate for the deviations introduced by the transducers 
to the received signals [71]. 
Further manipulations of the data from spectral analysis also 
holds great promise In better interpretation of these modulations. Of 
particular interest is the research conducted for using Rayleigh waves 
to size circular and cylindrical inclusions within materials [13,72]. 
Using the deconvolution method, a modulation frequency has been detected 
which Is directly related to the ligament depth between the inclusion 
and the surface of material. It has been suggested that these 
modulations arise from the resonant frequencies which were excited due 
to the Rayleigh waves circumnavigating the surface of the cavity. In 
conjunction with timing methods, researchers have been able to 
completely characterize sub-surface holes of different diameters and at 
different depths. The Cepstral method is another method of interest 
which is extensively used by seismologists. This method makes it easier 
to relate the location of spectral modulations in the frequency spectrum 
to the location of points of scatter in the defect [70]. 
Another important approach is to use the property of a Rayleigh 
wave whereby the depth of penetration varies with frequency [5]. 
Surface defects act as low pass filters for an incident Rayleigh wave 
with depth of penetration greater than the depth of slit. The tip of 
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the slit acts as a source point for generating diffracted body waves due 
to the particle motions from the deeper penetrating, long wavelength 
parts of the incident Rayleigh wave. If these diffracted waves reach 
the surface at grazing angle, they mode convert back to a Rayleigh wave 
which is called the "cut-off", R^, wave. The R^ wave usually shows up 
in the front of the transmitted wave-train and is mainly composed of low 
frequency components. It does not carry the high frequency components 
with depths of penetration less than the depth of the slit. Lastly to 
arrive is the wave which has travelled around the faces of the defect. 
This transmitted wave, R^, contains the higher frequency components of 
the incident R wave along with some of the lower frequency components 
which were not cut-off. A simplified version of this interaction 
process is shown in Figure 2.6 [7]. 
Frequency analysis can be performed on the cut-off portion, R^, of 
the transmitted wave-train through identification and gating. It has 
been observed [9] that the attenuation of the frequency components start 
from the higher frequencies and proceed to lower frequencies upon 
increasing the slot depth as shown in Figure 2.7. The location where 
the frequency magnitude first approached a minimum was called the 
"cut-off point". The wavelengths corresponding to cut-off points and 
peaks of the frequency spectrum varied linearly with respect to the 
increase in the depths of induced slits or fatigue cracks as presented 
in Figure 2.8 [9,11]. It was determined that this technique can 
effectively be used for the depth estimation of surface defects with the 
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Figure 2.6. Schematic representation of the transmitted wavetrain and 
its components from interaction of an R wave with a slit [7] 
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Figure 2.8. Variations in peak and cut-off wavelengths of 
cracks and slots with respect to depth [11] 
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frequency of the input wave should be longer than at least 0.8 times the 
depth of the deepest surface crack being inspected [6]. 
For an effective use of such signal analysis techniques, 
particularly for detection and characterization of near surface flaws, a 
thorough understanding of the mechanism through which Rayleigh waves 
interact with flaws is required. This is made possible by dynamic 
photoelasticity. 
F. Dynamic Photoelasticity 
The method of dynamic photoelasticity makes it possible to 
visualize the propagation and interaction of elastic waves with defects 
of different geometries and locations within the material. Konig is 
regarded as the first researcher to develop techniques in dynamic 
photoelasticity by using a streak camera [73]. With the development of 
faster cameras, higher speed photographic films with better contrast, 
and better optical lenses, this technique has turned into a viable tool 
for research in NDE and mechanics of stress waves. 
Cranz and Schardin designed their spark camera in 1929 [20] and 
Christie used a modified version of that camera for investigating the 
reflection of elastic waves from free boundaries and the stress field 
around a propagating crack [14]. By using a Fastax camera operating at 
a rate of 14,000 frames/sec in conjunction with urethane rubber which is 
a low modulus photoelastic material. Dally et al., found that, in 
contrast to poisson ratio, the stress-optic coefficient, strain optic 
coefficient, and elastic modulus were all load rate dependent [16]. 
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Dally introduced a method for analysis of dynamic fringe patterns which 
yielded the individual values of principal stresses as well as dynamic 
displacements [15] while Riley and Durelli employed Moire techniques for 
photoelastic data reduction [17]. Riley and Dally continued their 
research effort by using a modified version of the Cranz-Schardin camera 
which provided framing rates of up to 700,000 frames/sec for sixteen 
consecutive frames and controllable delay between each spark [21]. They 
successfully studied the effects of transient concentrated loads on the 
boundary or within uniform and layered models [19]. Thau and Dally 
later on managed to investigate the sub-surface characteristics of a 
Rayleigh wave for comparison with the available analytical results [18]. 
A similar dynamic photoelasticity system was used for this research 
which allows the framing rate to be varied in discrete steps from about 
60,000 frames/sec to 820,000 frames/sec for sixteen consecutive frames. 
With the improved understanding of Rayleigh wave characteristics, 
investigators started looking at the ways in which they interact with 
different geometries. Henzi and Dally investigated the interaction of a 
Rayleigh wave with a quarter plane. In conjunction with interferometry, 
they managed to find subsurface stress distributions and calculated the 
transmission and reflection coefficients based on stress and surface 
energy [74]. Dally and Lewis investigated how a Rayleigh wave crossed a 
wedge or a step change in elevation. They used the maximum amplitude of 
the transmitted wave to calculate transmission and reflection 
coefficients for different angles of wedges and different depth of steps 
[75,76]. They re-affirmed the analytical findings of Mai and Knopoff 
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[77] that the transmission coefficient of a Rayleigh wave stays the same 
if it encounters a step with the same amount of increase or decrease in 
elevation. Burger et al. managed to gain valuable insight into this 
phenomena of mode conversions at the corner of such steps by performing 
spatial frequency analysis on photoelastic data [78]. Bhagat by using 
this technique in dynamic photoelasticity, re-affirmed the buried source 
concept introduced by Nakano [79] as a valid explanation for the type of 
waves which appear on the transmit side of a step-up geometry [12]. The 
buried source concept predicts that due to a buried P or S source within 
the earth's crust, a Rayleigh wave will eventually show up on the 
surface. This was proved to be due to diffraction effects, and the 
Rayleigh wave appear on the surface as if it originated from a point on 
the surface immediately above the buried source. 
Reinhardt and Dally worked on slits to simulate the interaction of 
Rayleigh waves with surface cracks [23]. They managed to calculate the 
reflection and transmission coefficients of such interaction through 
using dynamic photoelasticity. Their results turned out to be in 
agreement with analytical results from Viktorov [37]. Spatial frequency 
analysis performed on photoelastic pictures of Rayleigh wave interaction 
with slits and slots of different sizes clarified the type of mode 
conversions that occured and helped distinguish between the different 
waves which existed in the complex transmitted wave-train [8]. There 
was a trend as the defects were cut deeper into the material. A linear 
shift was observed for the frequencies corresponding to peaks and 
cut-off points of the spatial frequency spectrums as the depth of defect 
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was increased. This was in accordance with the results obtained from 
spectral analysis in conventional ultrasonic testing as described 
before. Figure 2.9 represents the spatial frequency spectrums for 
surface slots of different depths and Figure 2.10 shows the variation of 
the corresponding cut-off wavelengths with respect to slot depths [7,8]. 
Rossmanith and Dally examined the interaction of a Rayleigh wave 
with a circular inclusion using dynamic photoelasticity [25]. The 
inclusion was placed nearly tangent to the surface. The ligament 
between the cavity and surface was very thin and failed upon interaction 
of an incident Rayleigh wave with the cavity, causing diffracted body 
waves travelling through the body. Little energy was transmitted 
through the ligament and the Incident Rayleigh wave was mostly reflected 
or diffracted. They also observed that a small fraction of the incident 
Rayleigh wave caused the creation of a surface wave with little energy, 
circumnavigating around the face of the cavity. 
One of the problems that the investigators had to deal with was 
the maximum number of fringes that they could obtain from explosions in 
the photoelastic materials without having the fringes smearing into each 
other. During the 0.6 jisec exposure time of the Cranz-Schardin camera, 
a Rayleigh wave travels far enough so that the closely spaced fringes in 
the picture can overlap each other thus causing the smearing effect. To 
avoid this problem, the birefringent material was selected as either 
Homalite 100 or CR-39 which have relatively high stress fringe values 
when compared to a more sensitive material such as PSM-1. Thus fewer 
number of fringes were obtained in the incident wave and even fewer in 
0.025 
Figure 2.9. 




SPATIAL FREQUENCY (cycles/mm). 
Spatial frequency magnitude curves for four 
different slots 
36 
0 2 4 6 8 10 12 14 
SLOT DEPTH (mm) 
Figure 2.10. Slot depth vs. cut-off wavelength 
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the transmitted and reflected wave-trains due to extensive loss of 
energy to mode conversions. This made the correct interpretation of 
fringes for spatial frequency analysis very difficult. 
With advances in laser technology and reduction in cost of 
obtaining high energy laser systems, dynamic photoelasticity has been 
revolutionized by providing photoelastic pictures of high fringe 
resolution and quality which have not been available heretofore. North 
and Taylor were one of the first investigators to apply a laser light 
source to dynamic photoelasticity [80]. Rowlands et al. coupled a 
sequentially modulated ruby laser to a high speed camera for application 
to transmitted and scattered-light photoelasticity and for visualization 
of propagation and interaction characteristics of ultrasonic waves 
[81]. Henley et al. combined a pulsed ruby laser to a Cranz-Schardin 
type camera to obtain high resolution sequential pictures [82]. Burger 
et al. used such a system to perform spatial frequency analysis on 
photoelastic pictures of Rayleigh wave interactions with a quarter plane 
[10] and steps [27]. This investigation is the continuation of that 
research effort for better understanding of Rayleigh wave interactions 
with surface and near surface slits and their characterization. 
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III. THEORETICAL BACKGROUND 
A. Rayleigh Waves 
This research deals with the propagation characteristics and 
interaction behavior of Rayleigh waves and diffracted body waves with 
discontinuities. A brief description of the formulation for ultrasonic 
Rayleigh waves are presented. 
The particle displacement in a Rayleigh wave is considered to be a 
mixture of compression and shear type of deformations. Figure 3.1 is an 
exaggerated representation of particle motions due to the propagation of 
compressional (P), shear (S), and Rayleigh (R) waves. Linear equations 
of elastodynamics provide the necessary tools for defining such 
deformations. Navier's equations give: 
Ui,jj + (^ + p) Uj,ji + P fj = P Uj 
or, in vector notation: 
fu + (X + p) V (9 . U) + p f = p U 
where 7 = i^ (B /Sx^) + ig (8 /SXg) + ig (9 /BXg) 
= the displacement of a unit mass particle. 
U. = the acceleration of unit mass particle. 
p = the density of the solid medium. 
f = the body forces. 
X and p are Lame's constants. 
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Figure 3.1. Particle motion with X = wavelength 
(a) Pressure (P) wave 
(b) Shear (S) wave 
(c) Rayleigh wave 
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This system of partial differential equations provides the 
components of the displacement vector in a linear, homogenous, and 
isotropic material. If body forces are neglected and the displacements 
are allowed to be represented through Helmholtz decomposition in 
terms of scalar potential <|> and vector potential 
"l = • ^Ijk %,m 
Figure 3.2 shows the coordinate axes which are used for Rayleigh 
wave formulation with the motion of the wave being independent of the 
coordinate y. By substituting the above expression into the Naviers 
equation, two uncoupled wave equations are obtained: 
(af*/8x2) + 0^(|)/3z^) + (wf 4/0^2) = 0 
(sf^/Bx^) + = 0 
where w = circular frequency 
1/2 Longitudinal wave speed = {(X + 2u)/p) 
1/2 Shear wave speed = (y/p) 
The potentials must be chosen to satisfy the Rayleigh wave 
characteristics such as propagation in the positive x direction with no 
propagation in the y direction, and exponential decay of displacements 
with respect to an increase in depth of penetration. They must also 
represent the nondispersive nature of the Rayleigh waves. These 
potentials are chosen as: 
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Figure 3.2. Coordinate system [12] 
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+ . A e-* : 
* . B e-9 : 
k is the Rayleigh wave number corresponding to the Rayleigh wave 
velocity (C), and t is time. Upon substitution in the two uncoupled 
wave equations, the following set of ordinary differential equations are 
obtained: 
I- + of + (wf/C^Z)] A e"" ^  elk(x ' Ct) = g 
[- + (w^/C^^)] B e"^ ^  e^kfx " = 0 
For the above expressions to be true, the expressions inside the 
brackets must be equal to zero which results in; 
a = k [1 -
P= k [1 -
For a positive exponential decay, a and g must be real. This 
requires that Rayleigh wave velocity C be less than the Shear velocity 
which in turn is less than compression wave velocity C^. Then the 
displacements are found as: 
U = (9*/3x) + (0r|//9z) = (ik A e"* = - g B e"^ e^kf* " ^ t) 
V = (8*/9z) - OV9x) = (-a A e"" ^  - ik B e~^ elk(x " ^ t) 
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and the stresses are expressed by: 
Tg . ((-* - 2 |0^ »/ax3z) » (9^ */3x^ )11 
. [ - kyZ A e-« : + 21k SB e-e = + 2k^ A 3-* = ] e'"'" " 
\z - [(2 3^ */3x3z) * (3'<f/!z^ ) - <3^ f/3x^ )l 
. [ - 2ik . A e-« ' » 2B B e-S V k^ B e"® '] e"'*" " 
With the boundary conditions that at y = 0, = 0, a 
solution to the eigenvalue problem is obtained only if the determinant 
of the coefficient is zero which results in; 
+ kf)2 - 4 k^a (3 = 0 
and eventually, 
[2 - (C^/C^^)]^ - 4 [1 - [1 - = 0 
This last result substantiates the non-dispersive nature of the 
Rayleigh wave due to the absence of any frequency related term. It is a 
very complicated process to find the Rayleigh wave velocity through the 
solution of the above expression. A very good approximation is given 
by; 
C/Cy = (0.862 + 1.14M)/(1 + v) 
which indicates that the velocity of propagation is primarily controlled 
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by Poisson Ratio. 
Upon inspection of the equations for displacements, it is observed 
that the displacements and thus the energy content of the Rayleigh wave 
decays exponentially with corresponding increase in the depth of 
penetration. Figure 3.3 illustrates such a displacement field with 
respect to nondimensional parameters. The particle motion of the 
Rayleigh wave is barely discernible after a depth of penetration equal 
to the wavelength (X) of the Rayleigh wave and it extends to the depth 
of about 1.6 X (Figure 3.4). From the experimental results cited before 
[5], it is understood that the theoretical results underestimates the 
amount of energy present at deeper portions of a Rayleigh wave. The 
distribution of stresses with respect to the depth of penetration in 
nondimensionalized form are presented in Figure 3.5. The principal 
stresses decay exponentially with respect to the depth of penetration 
with the maximum occurring on the surface of the material where only the 
compressional components of the stress exist. 
If a broad-band Rayleigh wave is generated, different range of 
frequencies are present at different depths of penetration (32]. In the 
region close to the boundary, all frequencies in the broad-band of 
Rayleigh wave are present. As the distance from the boundary is 
increased, the higher frequencies lose their energy and at larger depths 
only the lower frequencies are present. 
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Figure 3.3. Displacement amplitude of particle motion vs. 
ratio of depth with Rayleigh wavelength [32] 
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Figure 3.4. Exaggerated account of the pattern of 
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Figure 3.5. Stress amplitudes vs. ratio of depth in the 
medium with Rayleigh wavelength [32] 
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B. Photoelasticity 
Ordinary white light has a continuous spectrum of electro-magnetic 
radiation which oscillate on randomly oriented planes. If the light 
wave oscillates on a single plane, it is called plane or linearly 
polarized. Light made up of the superposition of two waves in mutually 
perpendicular planes is called elliptically polarized light and when the 
amplitude of the two waves are equal, circularly polarized light is 
obtained. Linear or plane polarizers are optical elements which are 
used for producing linear polarized light. If a plane polarizer Is used 
in conjunction with another optical element called a quarter wave plate, 
circularly polarized light is produced. 
Light which is emitted with a single wavelength and thus having a 
single frequency is called monochromatic. A coherent light like the 
ones obtained from laser radiation, is not only monochromatic but also 
consists of wave-trains which are in phase, and linearly polarized. 
Photomechanics methods and particularly photoelasticity rely on 
the optical property of double refraction [83]. Some materials 
experience double refraction only when subjected to stress or strain and 
this property is called temporary birefringence. When a polarized beam 
of light is incident on such materials under stress or strain, the light 
is resolved into two components polarized in the directions of the 
in-plane principal stresses and travelling with different velocities. 
As these waves propagate through the material, a relative shift in phase 
develops between them. The magnitude of this shift at each point in the 
material, depends on the thickness of the plate (optical path length) 
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and the value of the in-plane principal stress difference at that point. 
If the light emerging from the birefringent material crosses a plane 
polarizer (called "Analyzer"), the two light components are again 
resolved into mutually perpendicular components. The component which is 
parallel to the plane of polarization is transmitted and the 
perpendicular one is absorbed. This effect is manifested by the 
formation of light and dark bands in the image of the birefringence 
plate. As the load and so the amount of stress within the material is 
increased, the number of fringes in the photoelastic image increases 
correspondingly. 
The setup, where the birefringent material is placed between two 
plane polarizers, is called a plane polariscope. There are two distinct 
sets of fringes which are produced in the photoelastic image. Those 
fringes corresponding to the principal stress differences are called 
isochromatic fringes and the ones corresponding to the principal stress 
directions are called isoclinic fringes. Stress optic law states that 
the isochromatic fringe order is directly proportional to the principal 
stress difference or the in-plane maximum shearing stress. When the 
stresses are not constant across the thickness of the model, the optical 
effect is related to their average values. 
In order to get rid of the undesired isoclinic fringes for this 
research, a circular polariscope was used. Two quarter wave plates were 
placed between the plane polarizers. Quarter wave plates have the 
ability to resolve the incident light into two components with a 
relative retardation of n/2 radians. The component with the higher 
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velocity is transmitted along the fast axis of the wave plate and the 
other component is transmitted along the slow axis. If these axes are 
oriented at 45 degrees with respect to the polariscope plane of 
polarization, the system is called a circular polariscope. 
As shown in Figure 3.6, the first optical element in a circular 
polariscope is called a polarizer which produces plane polarized light. 
This light is circularly polarized upon crossing the first quarter wave 
plate. The stressed birefringence model then resolves the incoming 
light into two components along the principal stress directions at the 
point. It also introduces additional relative retardation between the 
two components depending on the magnitude of the stress difference. The 
second quarter wave plate is oriented so that its fast axis is parallel 
to the slow axis of the first quarter wave plate. It introduces a 
relative retardation to the incident light, equal but opposite to that 
of the first quarter wave plate. Finally, the light upon crossing the 
analyzer, is resolved again into mutually perpendicular components with 
one component propagating along the plane of polarization. 
If the planes of polarization of the polarizer and analyzer are 
crossed, the setup is called a dark field circular polariscope. Light 
emerging from unstressed regions in the material are absorbed by the 
analyzer and appear as a dark field in the photoelastic image. The 
intensity I at any point on the photoelastic image is expressed by; 
I = K Sin^û/2 
-MONOCHROMATIC LIGHT SOURCE (Wove Length • X] 
-PLANE-POLARIZED LIGHT 
R«Ct 
C • constant 


















(No Light is Transmitted when Retardation is 
on Integral Number of Wove Lengtts: R « n» 
Figure 3.6. Schematic diagram of optical transformations in 
a circular polariscope 
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Where K = a constant 
Û = relative phase shift or the amount of relative retardation 
2 Extinction occurs when Sin Û/2 = 0 which means that: 
û/2=nn n = 0, 1, 2, 3, .«.. 
If on the other hand the polarizer and analyzer have their planes 
of polarization parallel to each other, a light field circular 
polariscope is obtained. The unstressed regions in the material are 
illuminated in the photoelastic image. This is the type of setup used 
throughout this research. The expression for the light intensity for 
any point in an image obtained from light field circular polariscope is 
given as: 
I = K Cos^ A/2 
with extinction occurring when; 
6/2 = (1 + 2n) n/2 n = 0, 1, 2, 3, .... 
The fringe number is related to the amount of retardation through: 
N = A/2n = (h/fg) - (Tg) 
where N = fringe order 
h = model thickness 
, 0^ = in-plane principal stresses 
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f = material stress coefficient a 
Thau and Dally have verified the validity of the stress optic law in 
dynamic photoelasticity provided that f^ is calibrated at the 
corresponding loading rate. 
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IV. EQUIPMENT 
A. Cranz-Schardin System 
High framing rate, large image size with adequate illumination, 
and relatively good resolution are some of the advantages of using the 
available Cranz-Schardin system. This system, shown in Figure 4.1 and 
4.2, is composed mainly of three parts; spark gap system, the optical 
system, detonation, and synchronization systems. 
1. Spark gap system 
Sixteen spark gaps are responsible for providing flashes of small 
duration but of enough intensity for the film plate to capture the 
photoelastic image of travelling ultrasonic waves. The basic assembly 
of this high voltage system is demonstrated in Figure 4.3. The spark 
gaps are placed in a 4 by 4 array and are made of 0.5 inch diameter 
solid brass spheres which are mounted on a high voltage insulation 
board. Tlie eiietgy lot liil lialing llic «pdik.'j la piovld<3<J by 0.05 M I'D (20 
KV-DC) capacitors (C^, Cg, Cg, ....), each connected to an electrode in 
the array. The sixteen capacitors are in turn powered by a 15 KV-DC 
power supply. A variable trigger module applies a 15 KV-DC pulse once 
the circuit is charged to 14 KV-DC. This initiates the firing sequence 
as the L^C^ loop is closed with discharging first. Then the 15 KV-DC 
positive potential in C^ decays to a negative potential of approximately 
15 KV-DC due to an induced sinusoidal voltage oscillation in the CgLgCg 
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Figure 4.1. Cranz-Schardin dynamic photoelasticity system 
Figure 4.2. Cranz-Schardin multiple spark camera 
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Figure 4.3. Spark gap system circuit 
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loop. This causes a 28 KV-DC potential difference in the two electrodes 
of Gg which ionizes the air in the gap between the two electrodes. An 
arc is thus created with an intense light which lasts approximately 0.6 
psec. The same chain of events are repeated for and so on until 
all the sparks are discharged. A 22.5 meg-ohm bleed down resistor 
causes the system to completely discharge regardless of the residual 
voltage left in the system. 
The timing between the sequential sparks can be varied accurately 
from 1.2 to 14.5 jisec. This capability is provided by using a series of 
sixteen inductors (L^, Lg, Lg, ....). The framing rate depends on the 
amount of time it takes for the maximum negative voltage to develop in 
the sinusoidal oscillation of a given CLC loop. Through varying the 
inductance, the time interval between each spark is changed. The 
framing rate of the camera can be varied from about 60,000 to 820,000 
frames/sec. This corresponds to a time interval between successive 
sparks of from 16.7 psec to 1.2 |!sec. The shortest possible total event 
time (from frame 1 to frame 16) that can be recorded is 18 psec while 
the longest possible total event time is 250 jisec. 
2 .  Optical system 
As shown in Figure 4.4a and 4.4b, the image from each spark is 
focused and illuminates a specific area of a film plate. Then an image 
resulted from one spark does not interfere with or superimpose on the 
image from another spark. Sixteen images from sixteen sequential sparks 
are recorded on the same 14" x 11" film plate. This is made possible by 
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a field lens (piano convex with 24" focal length) 16" in diameter and an 
array of 16 camera lenses. All the f-4.5 fixed aperture lenses have 
focal lengths of 7.5". All the optical elements as well as the spark 
gaps are located as close to the optical axis as possible. This 
minimizes the angle of incidence of the light between the model and the 
lens system and reduces the distortion in the photoelastic image. 
The light emanating from the sparks carries almost all the 
frequencies in the visible spectrum although it peaks in the range of 
3,500 to 5,100 angstroms. The field lens, which is not color corrected, 
focuses each wavelength in a different plane and causes loss of 
sharpness in the obtained images. This problem is corrected by mounting 
a Kodak Wratten No. 47-B filter immediately behind each camera lens. 
These filters only allow the transmission of light in the band 4300 to 
5000 angstroms which is the blue region. This range of wavelengths 
corresponds to the hottest temperature of the spark which lasts about 
0.6 usee [22]. The longer wavelengths which are present in the light 
from the sparks, last longer and the effective exposure time of the 
system thus the smearing effect is minimized by filtering them out. 
Two circular polaroids (HNCO-38) in conjunction with quarter wave 
plates were placed between the spark gaps and the field lens to provide 
a light field circular polariscope. The circular polaroid sheets were 
laminated between sheets of glass for their protection from the 
explosion debris. It is not possible to rotate the optical elements and 
change their setting in this system. In a typical multiple spark camera 

















Figure 4.4a The optical alignment of the illuminating system 
Figure 4.4b Optical elements of the Cranz-Schardin system 
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the film since most of it is absorbed by the optical elements. Light 
field, providing 1/2 order fringes, is the preferred setting for the 
circular polariscope in dynamic photoelasticity studies due to the 
transmission of the greatest amount of light to the film plane. 
3. Detonation and synchronization 
Ultrasonic body and surface waves were generated by exploding a 
small charge of explosives on the edge of the birefringence material. A 
detonator was used for this purpose. The detonator put out a 2000 V 
pulse which upon crossing a thin stainless steel wire (0.001" diameter) 
created a small explosion. The thin wire in turn, passed through the 
explosive charge tube and through its small explosion ignited the 
explosive material. 
The detonator also send out a 20 V pulse in a separate line 
simultaneously with the 2000 V pulse. This triggered an oscilloscope 
and a delay circuit. The delay generator in turn triggered the spark 
system after a certain desired time delay (Figures 4.5 and 4.6). This 
option was very useful in working with models of different size because 
time delay could be adjusted to capture the stress wave images at any 
desired distance away from the source of explosion. A fast rise 
photo-diode (EG & G Lite-Mike) was used for measuring the inherent delay 
in the system, the delay between the ignition of the explosive and the 
first spark, and that between each successive spark. 
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Figure 4.5. The detonation and synchronization system 
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Figure 4.6. Schematic representation of the detonation and 
synchronization system 
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B. Laser System 
Even the short illumination time of 0.6 psec is too long to record 
pulses with steep rise time and high overall stress levels. The 
isochromatic fringes are too closely spaced and move rapidly enough to 
be smeared out in the image. In order to avoid the smearing and obtain 
better quality pictures with better resolution of fringes, a pulsed 
laser system was employed. In addition, the available Cranz-Schardin 
camera poses another restraint. The optical elements of the system are 
fixed because of the illumination requirements and barrel distortion is 
observed in the image if the model is shifted by a small amount. This 
inflexibility means that the size of the field of view is fixed and it 
is not possible to obtain photoelastic pictures which cover only a small 
region in the model material (i.e., the area in proximity of defect). 
This problem was solved by coupling the pulsed laser to an optical 
fiber. The free end of the fiber then became a source of intense, 
coherent, and monochromatic light which could be moved to any desired 
location in the view of a polariscope camera and could illuminate the 
object from any desired distance as depicted in Figure 4.7. The fiber 
tip was used as a divergent light source in a standard laboratory type 
circular polariscope. The circular polariscope used for the laser 
dynamic photoelasticity system is shown in Figure 4.8. The semi-opaque 
sheet of glass (a) hanging in front of the polarizer on the right side 
of the picture was used to diffuse the intense light which was cast from 
the fiber tip illuminator. The optical element for this polariscope are 
suspended from rails on top of a frame. The camera (b) is present on 
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the far left of the picture while the sheet of PSM-1 (c) was placed in 
the middle of optical plates. The white spot on top edge of the model, 
as pointed by an arrow, represents the explosive charge which was 
connected to the 2000 V line of the detonator. 
The laser system was a "Quantel YG 481" Neodymium YAG laser which 
is manufactured by Quantel International. This water cooled.and 
actively Q-switched system can deliver more than 460 mJ at the 
fundamental wavelength of 1,064 nm which is in the infrared region. 
With the use of a frequency doubler device, the emitted laser can 
deliver up to 170 mJ at a wavelength of 532 nm which is in the green 
region. The system can operate at several repetition rates up to 10 
pulses/sec with a nominal pulse length of about 15 nsec. Such a short 
pulse duration made it possible to effectively "freeze" the motion of 
the fringes in the photoelastic pictures. The line carrying the 20 V 
pulse from the detonator in Figure 4.5 was connected to the built in 
delay generator of the YAG laser. The pulsed laser system along with 
the detonator are shown in Figure 4.9. The control switches are on the 
power supply (a) in the middle of picture while the laser rod and optics 
(b) are encased in the left of the picture and below the optical table. 
The switch of the detonator (c) on the right side initiated both the 
explosion and the lasing operation. The laser delay generator gave the 
flexibility of taking pictures at any desired location. However, there 
is an inherent delay of about 340 psec in the laser system. With the 
Rayleigh wave velocity in the PSM-1 being about 0.89 mm/jisec, the 
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Figure 4.7. Schematic representation of the laser dynamic 
photoelasticity system 
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Figure 4.8. The circular polariscope used for the laser 
dynamic photoelasticity system 
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Figure 4.9. The "Quantel" pulsed laser system 
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the frontal part of the Raylelgh wave image could be photographed, had 
to be at least 300 mm. On the other hand strong reflections from the 
edges and corners of smaller sheets were not desired due to their 
possible interference with the Rayleigh wave of interest. This required 
using large sheets of birefringent material. 
As shown in Figure 4.7, the emerging pulse of laser light was 
guided through a beam splitter which reflected the infrared radiation 
and transmitted the desired green light. The infrared light was of no 
use in these experiments since it is invisible and very harmful to 
unprotected eyes. The green coherent light was guided through a lens 
which focused the approximately 5 mm diameter beam into the tip of a 
high power optical fiber. The fiber was placed on a precision 
adjustable mount for accurate alignment with the focusing lens. The 
optical fiber guided the light to the desired location and illuminated 
the polarizer of the large circular polariscope (Figure 4.8). The model 
was placed between the optical plates and the polaroid camera on the 
opposite side took pictures of the photoelastic images. Lite-Mike was 
used to determine the inherent delay in the laser system. 
C. "EÏECOM 11" Digital Image Analysis System 
"EYECOM II", which is a product of Spatial Data Systems, is the 
image processing system used for this research and is shown in Figure 
4.10. This unit is capable of image enhancement, distortion correction, 
pattern recognition, object measurements, etc. A schematic 
representation of this system is given in Figure 4.11. 
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Figure 4.10. "EYECOM II" digital image analysis system 
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Figure 4.11. Schematic representation of the digital image analysis system 
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The "scanner" vidicon television camera tube can accurately sense 
the light emitted by the object to be digitized. The video signal is 
first passed through analog circuits which can enhance the contrast, and 
perform logarithmic amplification of the gray scale, etc., and is made 
immediately visible on the scanner display. The control bus and the 
data busses are connected to the computer through the interface 
controller. The keyboard, on the other hand, is connected independently 
to the Interface controller. This keyboard provides general 
communication between the operator and the system. A joystick cursor 
makes it possible to "point" to any location to indicate its position to 
the computer, or mark specific areas in the scanner display. 
The recorded image can get digitized by either a "Real Time" 
digitizer or by a "High-Resolution" digitizer. The data from the High 
Resolution digitizer are placed in the Z-register and are accessible to 
the computer by the data bus through the Interface controller. However, 
The Real-Time digitizer digitizes the video signal in 1/30 of a second 
and the entire image is scanned 30 times a second. Such data are 
generated at such a high rate that a special digitizer data bus is 
needed to transfer the data to the refresh memory for future access by 
the computer. 
Images are displayed in the Scanner display after being processed 
by the computer. The standard scanner display can present up to 256 
levels (resolution of 8 bits) of gray in a 640 x 480 matrix. The 
digitized points are called pixels or picture elements and the data of 
the gray level of each pixel are stored in the "Refresh Memory". The 
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data stored In this memory are composed of three X, Y, Z elements. X 
and Y being the coordinates of each pixel on the screen of display 
scanner and Z being the brightness at the point. The gray scale, or the 
Z-value of the pixels, ranges from 0 to 255, with 0 representing the 
black and 255 the white. Either the video signal (Linear mode) or the 
logarithm of the video signal (Log mode) may be digitized in the 256 
gray levels. In the Linear mode, the expression for the digital output 
(Z) is given by: 
Z = K I? 
where I = image brightness 
K = proportionality constant 
Y = slope of the EYECOM scanner sensitivity curve 
In the linear mode, the 256 gray level increments of light values 
are in equal steps only if the scanner tube is calibrated so that y = 1. 
In the logarithmic mode however, the 256 digitized gray level values are 
incremented in equal steps which correspond to equal logarithmic 
intervals. The digital output in this case is expressed by: 
Q = log Z = log K + Y log I 
So the gray level increments are in equal steps and independent of Y 
since the output is proportional to the logarithm of (I). 
There is sufficient memory available in "EYECOM II" thus making it 
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possible to run medium sized image processing programs. Some software 
for filtering and statistical analyses are supplied with the system, 
while other programs may be developed depending on the specific needs. 
Such programs can highlight a specific area and/or increase the contrast 
in the image. Random vibrations which are caused by the grain in film, 
by oscillations in fluoroscopic images, etc., can be reduced by 
averaging the gray value of adjacent pixels. Other programs can perform 
functions such as spatial filtering, edge enhancement, reducing 
pictorial noise, etc. An image analysis function of interest is the so 
called "Histogram" which is a graphical plot of the gray scale 
distribution in the picture. 
The location of the fringes in a photoelastic picture can signify 
the points where the in-plane principal stress differences were maximum. 
However, the only kind of stress which can be present on a free boundary 
is a normal stress tangential to the boundary. Referring to the 
coordinate axes defined in Figure 3.2, it is evident that the free 
boundary is defined by the X axis. Then and represent the 
principal stresses and at the boundary: 
\z = = 0 
Then the stress optic law (f^ being the dynamic material fringe value) 
reduces to; 
'xx = N f/h 
It is also possible to calculate the displacement along the boundary 
since: 
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=  ( f ^ E h ) 3 x  
The fringe order along the edge of the birefringent material is 
proportional to the stress on the boundary. The fringe values along the 
edge were identified by using a program which determined the gray level 
distribution along a line placed at a distance of one or two pixels 
inside and parallel to the boundary of the model in the digitized image. 
A special modified version of a Histogram was used for this purpose and 
was denoted as "Histogram Line". This line should be placed as close to 
the boundary as possible depending on the sharpness of the edge of 
birefringent material in the photoelastic image (Figure 4.12). 
Photoelastic pictures were first contrast enhanced before being 
digitized. The programs used for this purpose started with "SET-UP" 
which obtained the set-up number for the proper black level setting of 
the scanner video signal. Then the system was Initialized and set into 
the "Log" mode. For image enhancement operations such as contrast 
enhancement, the program "FILTER" was available. In cases where an 
adequate number of fringes were not obtained for construction of the 
stress magnitude plot along the edge of birefringent material, program 
"FTWICE" could be used. This program could double the number of fringes 
present in the photoelastic image. Programs "FILTER" and "FTWICE" were 
not used for this research due to excellent quality and resolution of 
the photoelastic pictures which were obtained using the laser dynamic 
photoelasticity system. 
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Data collection was performed by program "AVE" composed of several 
subroutines, each performing different tasks. A transparent ruler was 
attached to the biréfringent material in a location which would not 
interfere with the photoelastic images of the Rayleigh wave. With the 
help of the joystick, the operator could define the unit length on the 
ruler in the digitized photoelastic image. The length scale was then 
defined by the number of pixels which fell in the chosen unit length. 
Then the photoelastic picture was accumulated sixteen times. The 
average of the digital output Q was stored for any position in the 
scanner image. A horizontal line was drawn as close as possible to the 
boundary of the model along which data would be collected. This was 
called "Histogram Line". If the model boundary was not originally 
placed horizontally in the scanner image, the picture could be adjusted 
and accumulated again so that the boundary and the horizontal line would 
be parallel. Then a graph was drawn which indicated the light 
intensities along the horizontal line as illustrated in Figure 4.12. In 
this case, the scanner was placed very close to the photoelastic picture 
to increase the detail in the image. In actual data collection, such 
magnification usually was not needed depending on the spacing between 
fringes. The image of the birefringent model is in the bottom half of 
the picture. As for all experiments, light field set up was used for 
the circular polariscope and so the fringes in the photoelastic image of 
the model, were half order fringes. The upper portion of the 
photoelastic images in Figure 4.12 was covered by an opaque surface 
because the curve representing the amplitude of light intensity along 
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Figure 4.12b Digitized image with the scanner placed very 
close to the photoelastic picture 
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the Histogram Line was easier to discern on a dark background. The 
white band between the edge of the model and the opaque surface 
represented the light field background which was not covered. The 
fringe orders across the boundary corresponded to the maxima and minima 
points on the graph. The location of the fringe orders were "pointed " 
out manually by the joy-stick cursor starting from the left hand side of 
the photoelastic pictures where the first fringe due to the propagation 
of Raylelgh wave on the surface was identified. This corresponded to 
the frontal portions of the incident or transmitted waves since in all 
the experiments the direction of propagation for the Incident wave was 
from right to left. Figure A.13 represents the digitized image which 
resulted from such an operation. The vertical lines perpendicular to 
the edge of the birefringent material signified the location of the 
fringes along the histogram line. The computer stored the coordinates 
of these points in a data file, along with their corresponding fringe 
numbers as specified by the operator. 
Further analysis of the data was performed on a VT105 terminal 
connected to a LSI-11 microprocessor (both made by Digital Equipment 
Corporation). Figure 4.14 represents the value of the fringe orders 
along the histogram line for an incident Raylelgh wave generated from a 
50 mg Lead Azlde explosive charge. In both Figures 4.14 and 4.15 the 
vertical axis designates the positive and negative fringe values while 
the horizontal axis represents the location of the fringes. In this 
case, the span of the horizontal axis in the viewing window was selected 
by the operator to represent 75 mm. In order to perform Fast Fourier 
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Figure 4.13. Digitized image with location of maximums 
and minimums specified by the operator 
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Transform for frequency analysis of the obtained data, the increments 
of length between successive pairs of data points should be equal. A 
cubic spline fit routine placed additional equally spaced points among 
the original points in the waveform plot thus adapting them for spectral 
analysis. The program fitted a cubic polynomial into the data by 
interpolating between adjacent points. Then trailing zeros were added 
to make the total number of data pairs equal to 512. This value 
corresponded with the original length of the line histogram which was 
512 pixels. Smooth waveform plots were obtained as shown in Figure 
4.15. 
Program "RFFT" performed Fast Fourier analysis on such waveforms 
and provided spectral density graphs with the spatial frequency 
spectrums in terms of (cycles/mm). Another available program called 
"GRl" produced the same graph in terms of (cycles/radian) [84]. It was 
desired to distinguish between different waves in a wave-train composed 
of several superimposed waveforms. Program "RWAVE" could find a single 
waveforms in such a wave-train and showed the residuals left from such 
an operation [10]. Through extrapolation, this computer program looked 
for a characteristic pattern demonstrated by shock induced Rayleigh 
waves. Then a piecewise parabolic curve fitting routine was used to 
reconstruct the individual Rayleigh wave which was identified in the 
wave-train. From the residuals which were left from such an operation, 
the program could also find another single waveform with the 
characteristic shape of a Rayleigh wave, depending on its existence. 
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4.14. Plot of the fringe values with respect 
to distance along the edge 
Figure 4.15. Cubic spline fit of the waveform plot 
in Figure 4.14. 
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V. EXPERIMENTAL PROCEDURES AND MATERIAL SELECTION 
The ultrasonic waves travelling along the surface and into the 
material were initiated by igniting a small charge of explosive on the 
edge of the material. The proper selection of birefringent material, 
explosive materials and photographic films were some the most important 
considerations for this research. 
A. Explosives 
In most Investigations Involving dynamic photoelasticity, an 
explosive charge is used for generating stress waves. The ultrasonic 
wave of interest should be strong enough to provide an adequate number 
of fringes in the photoelastic pictures so that their interpretation and 
analysis would be possible. It has been realized that line loading 
provides better pulse shapes with less distortion than the ones produced 
by point loading [85j. For generating such a line load, highly 
explosive materials were packed inside a plastic tube with a length 
equal to that of the model thickness. A very thin stainless steel wire 
passed through the tube for igniting the explosive. The tube was glued 
to the edge of the birefringent material and, when ignited, approximated 
a line source as shown in Figure 5.1. Figure 5.2 is a photograph of a 
typical model in the polariscope. The arrow indicates the position of 
the explosive which is about 220 mm to the right of slit where the 
interactions were observed and photographed. 
When an explosion occurs on the surface of a material, bulk waves 
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direction of R wave. 
line source 
model 
Figure 5.1. The placement of the explosive charge on 
the edge of material 
I 
Figure 5.2. The placement of the PSM-1 sheet in the 
polariscope with the explosive charge 
mounted on the top edge 
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as well as Rayleigh waves are generated. Analytical results have 
identified the pattern of these wavefronts and one such result is 
presented in Figure 5.3 [86]. Dally and Riley have shown that the 
compressional (P) waves, shear (S) waves, and Von Schmidt (PS) waves are 
highly dispersive [87]. The Rayleigh waves, however, can travel 
relatively long distances with only slight changes in their frequency 
content and their corresponding wavelength. Placing the source of 
explosion as far as possible from the defect provided the opportunity to 
minimize the effect of the generated bulk waves and their undesired 
interaction with defects. On the other hand the explosives should be 
placed away from the corners of the photoelastic sheet so that the 
reflections from the edges, specially the ones due to generated P waves, 
would not catch up with the Rayleigh wave in the proximity of defect and 
cause interference. Therefore, depending on the location of the defect, 
and the size of the available sheet of birefringent material, the best 
spot for placing the charges was determined and is discussed later on. 
Selection of a suitable explosive was made by previous researchers 
at Iowa State University [22]. The objective being to obtain as strong 
a Rayleigh wave as possible so that after the interaction with a defect, 
an adequate number of fringes could be obtained in the transmitted 
wave-train for further analysis. However, the birefringent materials 
used for those investigations had low sensitivities so that the smearing 
effect could be controlled with the then available 0.6 jjsec exposure 
times. PSM-1 on the other hand, provides a high number of fringes for a 
relatively low amount of explosive. The obtained number of fringes in 
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Figure 5.3. Uavefronts created by a line impulse {86] 
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the generated Rayleigh wave depended on the amount of explosive used. 
Dally and Thau [88] have proven that upon initiating an explosion, 
in contrast to the bulk waves, the Rayleigh wave amplitude is a function 
of the loading rate. A high speed, fast burning rate explosive should 
be used for generating Rayleigh waves. Lead Azide is a very good 
candidate for this purpose as it has a burn rate of 200,000 in/sec when 
its density is 0.044 Ib/in^ [22]. 
Lead Azide was made by separately dissolving Lead Nitrite and 
Sodium Azide (weight ratio of 2.54 to 1) in two beakers of distilled 
water. The two solutions were mixed and the white precipitate filtered. 
The precipitated Lead Azide was dried, collected, and packed for future 
use. These chemicals should be handled with much care due to their 
highly poisonous nature. Contact with skin and breathing the dust must 
be avoided. Much care must be exercised in handling powdered Lead Azide 
which is an unstable type of explosive and can ignite under pressure. 
Only a small amount of this material should be placed at any one place. 
Several different brands of glue were used for mounting the 
explosive charges on the edges of PSM--1 plates and their performance 
were compared. "DUCO" cement made by Devkon was selected as the best 
candidate for this purpose. High strength "super" glues were avoided 
since they could introduce an initial and undesired compressive or 
tensile stress to the edge of the material. A thorough study of the 
effect of glues and their curing time on generation of Rayleigh waves in 
PSM-1 was made and the results are presented in the next chapter. 
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B. Photographic Film Selection 
An 11" X 14" plate film was needed to capture all the sixteen 
images from the sparks of the Cranz-Schardin system. The plate film 
should be blue sensitive since the filters behind the camera lenses only 
allowed the transmittance of light in the blue region. Since some of 
the photographs were enlarged for detailed analysis, graininess became a 
problem. This required using a fine grain film along with long 
developing time. It was possible to increase the developing time of the 
film for increased sensitivity and a higher ASA speed at the expense of 
obtaining a little grainier image. Eastman Kodak Plate film (EK 4127) 
met most of the requirements for this research. Kodak high contrast 
developer "D-11" worked very well with EK-4127 film, producing good 
contrast and acceptable graininess. 
Exposure is defined as the total amount of light of certain 
intensity that is cast on the film for a certain period of time. The 
density of the recorded image is a function of the exposure (light 
intensity multiplied by time duration of exposure) experienced by the 
film. It has been established that a film should initially be exposed 
to certain amount of light before it can register small variations in 
density. Characteristic curves demonstrate such behavior with a typical 
one presented in Figure 5.4. Transmittance is defined as the ratio of 
the transmitted light through an exposed and developed film to the 
transmitted light through an uncoated film. In both cases, the films 
should be exposed to the same amount of light. At the lower end of the 
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Figure 5.4. Characteristic curve of a photographic material 
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appreciably change with increase in exposure up to point A which is 
called the "Threshold" exposure. On the other hand, on the upper right 
hand corner of the curve, substantial increase in the exposure time only 
varies the density by a small amount. It is desired to provide exposure 
to the film in the region between B and C where the density varies 
linearly with the logarithm of the exposure. This suggests that the 
film should experience an initial exposure up to point B before the 
photoelastic pictures are taken. This process is called pre-fogging. 
The initial amount of exposure for pre-fogging was determined previously 
[12]. An enlarger "SOLAR" manufactured by Burke and Sons was used for 
this purpose with a 75 watt bulb at 37" away from the film plate. The 
aperture of the enlarger was set at 22 and a prefogging duration of 45 
seconds was used. 
For the laser dynamic photoelasticity system, several polaroid 
films were tried. The 4" x 5" Polaroid instant sheet film (Type 57) was 
chosen mainly due to its high speed. This panchromatic film produced 
positive prints of medium grain and moderate contrast with an ISO of 
3000 and worked well with the 532 nm green light produced by the laser. 
C. Birefringent Material 
As mentioned earlier, due to the availability of the laser system, 
the smearing effect of the fringes was not of any concern. Glass was a 
good candidate for use in this research since Rayleigh waves travel on 
its surface with the velocity of 3000 m/sec. This closely matches the 
velocity of Rayleigh waves in structural metals. However glass is a 
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poor biréfringent material with very high stress fringe coefficient, 
i.e., low sensitivity. This means that the number of fringes obtainable 
from the generated waves in glass are low, and very hard to discern 
since they are moving so fast. This problem can be compensated to some 
degree by using thicker sheets of glass. However the inherent delay in 
the laser system required using very large sheets of glass and the extra 
thickness would make them very heavy and not practical. 
PSH-1, a product of the Measurement Group, is a polycarbonate and 
was chosen as the biréfringent material for this research. The main 
properties of this tough polymer are given in Table 5.1. The material 
fringe value f^ is a property of the model material for a given 
wavelength of light X and is given by: 
f- = Vc 
<J 
where c is the relative stress-optic coefficient expressed in terms of 
-12 2 brewsters (1 brewster = 10" m /N Cycle). Lower material fringe values 
assure higher sensitivity for photoelastic materials and an increase in 
the number of obtainable fringes for a given load. Material fringe 
values are inversely proportional to sensitivity index which is defined: 
where = proportional limit 
So photoelastic materials with high proportional limits and low 
material fringe values exhibit superior sensitivity to applied loads and 
produce larger number of fringes than the materials with the same 
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dimensions and under the same loading but of lower sensitivity index. 
Sheets made of PSM-1 are relatively free of time edge effects, and 
they exhibit excellent creep behavior (i.e., low changes in the value of 
f^ with time due to the effects of mechanical and optical creep). Its 
high sensitivity index means that small explosions can initiate stress 
waves with large number of fringes present in photoelastic images. The 
main drawback to using this material is its poor machinability since 
PSM-1 is very sensitive to heat which is produced in most cutting 
operations. Water cooling should be used to avoid this problem. Heat 
generated by cutting causes this material to soften, deform, and 
experience residual stresses along the edges. A milling machine along 
with water cooling was used for cutting and smoothing the edges of PSM-1 
sheets. A special spiral milling tip was used to cut the surface and 
near surface slits into the models. 
Approximate velocities of the ultrasonic waves in the sheets of 
PSM-1 were calculated from the static properties by using [4]: 
Shear wave velocity (Transverse) 
Pressure wave Velocity (Longitudinal) 
Rayleigh wave velocity (Approximate) 
1 /? 
Crj, = [ E/(2p(l + V)) 
Cl = Cg [2(1 - v)/(l - 2\4]l/2 
C = Cg [(0.862 + l.lAv)/(l + V)] 
Where: Poisson ratio v = 0.38 
Elastic Modulus E = 2.39 x 10^ N.m~^ 
Mass density p = 1,170 Kg.m"^ 
Lame's constant |i = E/2(l + v) 
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Table 5.1. Some of the mechanical and optical properties of PSM-1 [83] 
Properties Static Values 
Elastic Modulus (E) 2,480.0 MPa 
Poisson's Ratio (V) 0.38 
Proportional Limit 34.5 MPa 
Stress Fringe Value (f.) 7.0 KN/m (green light 546 nm) 
Sensitivity Index (S) 125.0 mm~^ 
Density (P) 1,170.0 Kg m~^ 
Table 5.2. Ultrasonic wave velocities 




Rayleigh wave 807 890 
Shear wave 860 920 
Pressure wave 1,956 2,000 
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The thickness of the sheets of PSM-1 used in this research were 
nominally 6.35 mm (0.25"). The actual thickness of sheet was 5.55 mm 
(0.218"). Since the wavelength corresponding to the center frequency of 
the R wave generated by 50 mg explosive was approximately 35 mm, it was 
reasonable to assume that the observed fringes were generated by plate 
waves rather than by waves equivalent to those in a semi-infinite 
half-space. The equations given above apply to such "plate waves". 
The experimental Rayleigh wave velocity was estimated through 
inspection of the photoelastic pictures and comparison with the time 
delay pictures obtained from the oscilloscope screen. The theoretical 
and experimental results are given in Table 5.2. v is relatively 
insensitive to loading rate while the values of f^ and E both vary with 
respect to the loading rate. Both are shown to be higher than the 
static equivalents so that the increased values for the wave velocities 
should be higher than the "calculated" values. This is the case as 
shown in Table 5.2. The dynamic values were not obtained since 
quantitative values of the stresses along the boundary were not needed 
for constructing the desired stress wave-form plots. 
D. Size Selection and Model Preparation 
The main factor in the proper selection of the size and thickness 
of the model material was to obtain an adequate number of fringes in the 
photoelastic pictures, particularly after the interaction of the 
incident wave with the defect. The fringe order N at any point in a 
model is given as: 
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N = (h/fg) (ffj - gg) 
where h = thickness of the biréfringent material 
ffj and Og = principal stresses at the point of interest 
fg = stress fringe value 
For acquiring a larger number of fringes, N must be increased 
which means that either a larger principal stress difference, a larger 
value for model thickness, or a smaller dynamic stress fringe value 
should be adopted. After making the preliminary calculations, a 1/4" 
(6.3 mm) thick sheet of PSM-1 with 30"x 24" (762 x 610 mm) dimensions 
was purchased. These dimensions proved adequate for the planned 
experiments, as in the photoelastic images, the reflected waves from the 
edges of the model did not cause any noticeable interference with the 
Rayleigh waves of interest in the proximity of defects. 
As for the selection of defect size and shape, the author again 
relied on the information available from past research efforts at Iowa 
State University. In order to properly simulate a crack in a metal 
specimen, the thickness of the defects cut into the birefringent 
material should be at most 1/10 of the Rayleigh wavelength in that 
particular material [7]. Such a defect was defined as a slit and if the 
defect thickness was greater than the aforementioned value, then it was 
called a slot. For this research, it was determined to use 50 mg 
charges of Lead Azide for all experiments and to allow the glue used for 
mounting the charges on the PSM-1 sheets to harden for 30 minutes. The 
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wavelength corresponding to the dominant frequency in the spatial 
frequency spectrum of such an incident Rayleigh wave was found to be 
about 35 mm. Another approach would be to measure the distance between 
the two outer fringes in front and rear of the Rayleigh wave in Figure 
1.1. Using this approach the wavelength for the incident Rayleigh 
wavelength was found to be larger than 40 mm. In either case, the 
special milling tip which was used to cut defects into the birefringent 
materials was about 2 mm in diameter which was much less than the 1/10 
of the measured and calculated incident Rayleigh wavelengths. The 
fabricated defects were called slits. Water was used as the coolant 
during the cutting operation and so the fabricated slits were free from 
residual stresses. 
Another concern was the shape of the fabricated defects. In 
previous research conducted in this institution, differences among 
semi-circular end slots, rectangular slits and rectangular slots were 
studied [12]. It was determined that the least amount of energy was 
lost to mode conversions in the case when an incident Rayleigh wave 
interacted with a semi-circular end slot. This result was expected 
since the Rayleigh wave goes through mode conversions every time it 
interacts with a corner. There are two such corners at the tip of a 
rectangular slot in comparison to a rounded tip of a semi-circular end 
slot. Other advantages found in using semi-circular end slots were in 
the lower number of superimposed mode converted waves which were 
expected to appear on the transmitted and reflected wave-trains. 
The experiments were conducted in three stages. For the first 
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stage the propagation behavior of Rayleigh waves in CR-39, Homalite 100, 
and PSM-1 biréfringent materials was investigated which lead to the 
selection of PSM-1. It was noticed that for PSM-1, increasing the 
amount of Lead Azide packed in the explosive charges changed the number 
of fringes present in the image of the generated R waves. The same 
behavior was observed when the glue used for mounting these charges was 
allowed to set and harden for different lengths of time before the 
explosive charges were set off. These variations in the number of 
obtained fringes along with the corresponding changes in the frequency 
spectrums were investigated and are presented in the next chapter. 
Slits were cut into the edge of the PSM-1 sheet for the second 
stage of testing as shown in Figure 5.5. The first cut was made up to 
the depth of 3 mm. After testing on this defect, the depth of the slit 
was increased in steps of 3 mm each time and the whole testing procedure 
was repeated until the depth of 18 mm was reached (Table 5.3). As for 
the third stage of testing, near surface defects were cut into the PSM-1 
sheet as demonstrated in Figure 5.6. The first defect was cut with the 
lower tip at 18 mm from the edge. The initial length of the defect was 
chosen to be 5 mm which left a ligament of 13 mm between the upper tip 
and the edge of the material. Upon completion of experiments on this 
defect, the same testing procedure was repeated by increasing the length 
of the defects thus decreasing the depth of ligaments in steps of 3 mm 
each time (Table 5.4). This process was continued until the defect 
reached the length of 17 mm with a 1 mm ligament left. The results of 
these experiments are presented in the next chapter. 
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It must be noted that the effects due to the attenuation and 
dispersion of Rayleigh waves were minimized in this research. An effort 
was made to place the defects at strategic points which allowed the 
photographs of the transmitted wave-trains to be taken at exactly the 
same location (the same distance from source) where the reference 
Rayleigh waves in the first stage of testing were photographed. This 
procedure assured the same amount of attenuation and dispersion due to 
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Figure 5.5. Schematic representation of surface slits cut into the 
sheet of FSM-1 and the mounted explosive charge 
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Figure 5.6. Schematic representation of near surface slits cut into the 
















The surface slits cut in the PSM-1 sheet of Figure 5.5. 








The near surface slits cut in the PSM-1 sheet of Figure 5.6. 
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VI. EXPERIMENTAL RESULTS 
A. Incident Rayleigh Waves 
Due to the large number of fringes obtained from PSM-1, the 
smearing effects in pictures of the incident Rayleigh waves obtained 
from a Cranz-Schardin camera were substantial. This was illustrated in 
Figure 1.1 which is an enlarged picture. An effort was made to reduce 
the amount of explosive used, in order to reduce the number of fringes 
in the photoelastic image of the Rayleigh wave. However, even when the 
amount of Lead Azide packed in the explosive charge was reduced to 20 
mg, the obtained fringes were not distinguishable from each other. 
The laser system was then used to take pictures with higher fringe 
resolution. However, if the same picture, with the relatively large, 
field of view of the Cranz-Schardin camera was taken with the laser 
system there was still a loss in fringe resolution because the obtained 
fringes were so closely spaced. For this reason, both dynamic 
photoelasticity systems were used as each provided valuable information. 
The Cranz-Schardin camera made it possible to look at a relatively large 
area and to take sequential pictures of the generated Rayleigh and body 
waves. This provided excellent qualitative information about the 
interactions of such ultrasonic waves with flaws of interest. Also, the 
larger field of view of these pictures provided the opportunity to 
determine the fringe values of some low order individual fringes which 
were distinguishable and not smeared and at a distant from the "slit". 
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This information made it easier to exactly determine the fringe values 
in the photoelastic pictures taken by the laser system of smaller areas 
in the proximity of defects. 
The only drawback to using a laser system is that only one picture 
can be taken for each explosion, in contrast to the sixteen frames taken 
by the Cranz-Schardin system. The 10 pps maximum pulse rate of the 
available pulsed laser was not rapid enough for recording the transient 
event. To overcome this problem, it would be necessary to use several 
charges of the same magnitude which were set off at the same spot on the 
model, and then photograph the waves after different delay times. To 
check the repeatability of the generated waves from successive 
explosions, the Rayleigh waves generated from each explosion were 
photographed at a fixed distance from the source of explosion. 
Comparison and spectral analysis of photoelastic pictures revealed that 
the difference in fringe values and the variation in the dominant 
frequency of these waves were insignificant. This reproducibility has 
been observed by researchers , particularly for the tests where fracture 
was initiated at the line of loading by the explosion [22]. In the 
cases where fracture did not occur, the obtained maximum fringe orders 
from different tests varied only slightly. In the worst case, the 
variance was calculated as 3% and was considered insignificant [89]. 
This enabled the authors to take sequential pictures of Rayleigh wave 
interactions with near surface defects by exploding several charges of 
the same magnitude at the same spot and varying only the time delay in 
emitting the laser light. 
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Figure 6.1a is a Cranz Schardin photograph of a Rayleigh wave 
generated from a 50 mg Lead Azide explosive charge. The fringes in the 
model were due to the stresses induced by a Rayleigh wave travelling 
from left to right and accompanied by a shear wave which did not extend 
all the way to the surface. The influence of the shear wave S was 
diminished in the area close to the boundary of material. Other body 
waves such as P and PS waves were generated from the explosion but are 
not present in the picture. 
Figure 6.1b is the photoelastic picture taken by the laser system 
of a Rayleigh wave generated from a 30 mg explosive charge and 
travelling from right to left. The explosion generated Rayleigh waves 
propagating on the boundaries of PSM-1 plates have a characteristic 
shape. A "saddle" shape, pointed by an arrow, indicates the location 
where the fringes approach zero value. The "Trough" shapes on the two 
sides of the saddle shape designate the points where fringe orders are 
the highest. This Rayleigh wave exhibits a leading tensile pulse with 
maximum fringe number equal to 6 and a trailing compressive pulse with 
maximum fringe number equal to 4. A third fringe peak with a value 
equal to 6 is located about 0.75 cm below the saddle shape. These 
characteristic saddle and trough shapes were used as an aid to identify 
a Rayleigh waves in a wave-train composed of many superimposed waves. 
An increase in the number of fringes present in Rayleigh waves was 
observed when the amount of Lead Azide in the explosive charge was 
increased. Several charges with different amounts of lead azide were 
set off from the same spot after letting the glue harden for 30 minutes 
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Figure 6.1a. Rayleigh wave generated from a 50 nig Lead Azide 
explosive charge 
INPUT 
Figure 6.1b. Rayleigh wave generated from a 30 mg Lead Azide 
explosive charge 
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each time. The generated Rayleigh waves were photographed in the same 
location and at the same distance from the source of explosion so that 
attenuation and dispersion would not play a role in this particular 
study. The photoelastic pictures of the Rayleigh waves are presented in 
Figures 6.2a-6.2e. The waveform plots of these Rayleigh waves are given 
in Figures 6.3a-6.3e along with their corresponding spatial frequency 
spectrums. The dominant central frequencies in the spatial frequency 
spectrums were found and are presented in Table 6.1. The wavelengths X 
presented in this and future tables correspond to dominant frequencies 
(f'peaj^) in the spatial frequency spectrums with X = 
Although PSM-1 is a tough material compared to other birefringent 
materials, a strong enough explosion could still damage the surface. 
This would hamper the ability to take sequential pictures of an event 
which requires the generation of similar Rayleigh waves from the same 
spot. It was decided to use 50 mg explosive charges for the rest of the 
experiments since they provided adequate number of fringes after the 
interaction of Rayleigh waves with defects of interest while inflicting 
minimal damage to the surface of material. 
Another concern was the effect of the glue and the optimal amount 
of time to be allowed for hardening. Charges (50 mg Lead Azide) were 
placed on the same spot and through visual judgement an effort was made 
to apply approximately the same volume of glue each time. The period of 
hardening of the glue was varied. The resulting Rayleigh waves looked 
very similar. However, their waveform plots and their spatial frequency 
spectrums revealed small variations as shown in Figures 6.4a-6.4d. The 
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Laser photoelastic picture 
Figure 6.2a. Rayleigh wave generated from 30 mg explosive charge 
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Laser photoelastic picture 
Figure 6.2b. Rayleigh wave generated from 40 mg explosive charge 
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Laser photoelastic picture 
Figure 6.2c. Rayleigh wave generated from 50 mg explosive charge 
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Laser photoelastic picture 
Figure 6.2d. Rayleigh wave generated from 60 mg explosive charge 
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Laser photoelastic picture 
Figure 6.2e. Rayleigh wave generated from 70 mg explosive charge 
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Figure 6.3b. Rayleigh wave generated from 40 mg explosive charge 
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Stress waveform plot 
Spatial frequency spectrum 
Figure 6.3c. Rayleigh wave generated troiii 50 mg explosive charge 
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Figure 6.3d. Rayleigh wave generated from 60 mg explosive charge 
117 
Stress waveform plot 
D.OOOE-Ol ll.BGOE-Ol '3.7205-01 '5.5001-01 
bUiiili; t'LUl 
•• •( > i h- '• Ifir/l.-Dhi 
Spatial frequency spectr urn 
Figure 6.3e. Rayleigh wave generated from 70 mg explosive charge 
118 
0 200.00 Butlim I 04 point»), l lL .
SdlNE fit for IHPM.MI . 
0.00 
C f a c c Ua Tfa f i-m nlr*** 
SFECTML nem PLOT .4 
Firrt 8 tHnunici for Fil* : INPB4.MT 
Spatial frequency spectrum 
Figure 6.4a. Explosion initiated after 15 minutes of glue curing 
119 
Stress Waveform plot 
SFECnML KMSm PUDT .. 
Fint 8 hwwniei for HI# : Iim.MT 
Spatial frequency spectrum 
Figure 6.4b. Explosion initiated after 30 minutes of glue curi ng 
120 
Stress Waveform plot 
IPCCIKAl.  DEHSITÏ .  PLOT 
f i rst  '  U harmonics fur  Fi le  ;  l ( l l '53. I ) r tr  
Spatial frequency spectrum 
Figure 6.4c. Explosion initiated after 45 minutes of glue curing 
121 
• •  0 .259 
E+or 
Stress Waveform plot 
Spatial frequency spectrum 
Figure 6.4d. Explosion initiated after 12 hours of glue curi "g 
122 
Table 6.1. The variations in the peaks of spatial frequency spectrums 
introduced by changing the amount of Lead Azide 
Figure Amount Peak Spatial Frequency Wavelength 
(mg) (cycles/mm) (cycles/radian) (mm/cycle) 
6.3a 30 0.0260 0.1630 38.4 
6.3b 40 0.0275 0.1718 36.3 
6.3c 50 0.0286 0.1800 34.9 
6.3d 60 0.0307 0.1931 32.5 
6.3e 70 0.0303 0.1905 33.0 
Table 6.2. The variations in the peaks of spatial frequency spectrum 
introduced by changing the period of glue hardening 
Figure Period Peak Spatial Frequency Wavelength 
(minutes) (cycles/mm) (cycles/radian) (mm/cycle) 
6.4a 15 0.0280 0.1756 35.7 
6.4b 30 0.0286 0.1800 34.9 
6.4c 45 0.0298 0.1878 33.5 , 
6.4d 12 hours 0.0300 0.1893 33.3 
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peaks of the obtained spatial frequency spectrums along with their 
corresponding wavelengths are presented in Table 6.2. For this 
investigation, it was determined that the optimal hardening period was 
30 minutes, and this period was used for the following experiments. 
B. Surface Slits 
The objective of the research done on slits was to gain better 
insight into the Rayleigh wave interactions with such defects and to 
substantiate the results obtained by previous researchers at Iowa State 
University by using the better resolution obtained from the laser 
system. Changes in the frequency spectrum of the transmitted and 
reflected waves with respect to an increase in depth of slit were 
considered, and their relationship established. However, for better 
understanding of such interaction phenomena, it was necessary to look at 
the interaction of Rayleigh waves with simple geometries first. 
A "quarter plane" is a geometry of great importance since it 
represents the interaction process of an incident R wave with the first 
corner of a surface breaking slit. Figure 6.5 is a Cranz Schardin 
picture taken by Singh (7]. The incident Rayleigh wave originally 
travelled from left to right. The birefringent material used in this 
experiment was "Homalite 100". This birefringent material is not as 
sensitive as PSM-1. As mentioned before, the R wave was accompanied by 
an S wave whose influence did not reach the surface of the material. 
The incident Shear wave was reflected from the edge of the material and 
was denoted as wave. The expected mode converted P and PS waves from 
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INPUT 
Figure 6.5. Interaction of incident Rayleigh wave with a 
quarter plane [7] 
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the interaction of the shear wave with the edge of the material are not 
discernible In this picture. Part of the energy of the Incident 
Rayleigh wave was also expended to mode conversions. The mode converted 
shear wave Sj^ and compression wave are indicated in Figure 6.5. 
The expected PS wave spanning the distance between the two 
wavefronts is not distinguishable. The absence of some of the expected 
waves in the photoelastic picture of such an interaction could be due to 
the limited resolution of the optical system, the relatively low 
sensitivity of the biréfringent material, the detection of only the 
maximum shear stress distribution throughout the model in a circular 
polariscope (i.e., low order of isochromatic response associated with P 
waves), or the low energy associated with some of the mode converted 
waves. Part of the Rayleigh wave was transmitted and part was reflected 
upon interacting with the edge of the material. A detailed picture of 
these two Rayleigh waves, taken by the laser system, is presented in 
Figure 6.6 with the transmitted R wave on the left side of the 
photoelastic image, propagating to the left and away from the corner. 
The transmission (A^) and reflection (A^) coefficients for the 
interaction of Rayleigh waves with a quarter plane have been found to be 
frequency Independent [24]. Results from dynamic photoelastlclty, were 
found for the transmission coefficient to equal to 0.49 and 0.31 for the 
reflection coefficient [74]. Henzi and Dally, when calculated these 
coefficients, took into account the loss of energy due to the 
attenuation effects in the incident Rayleigh wave. In comparison, the 
results obtained from conventional ultrasonic testing using the ratio of 
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Figure 6.6. Interaction of incident Rayleigh wave with a 
quarter plane 
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the amplitudes of the received signals to that of the incident signal 
provided average values for = 0.61 and = 0.43 [24]. 
It must be kept in mind that there are four corners in a 
rectangular slit while a crack has at least three such corners. Every 
time a Rayleigh wave strikes an edge and interacts with each of these 
corners, part of it is reflected, part is transmitted, and the rest of 
its energy is expended in mode conversions to body waves propagating 
into the material. This phenomena complicates the signals received on 
the transmitted or the reflected sides in the conventional ultrasonic 
testing of surface cracks. 
1. Interaction of Rayleigh wave with surface slits 
The interaction of Rayleigh waves with surface slits of different 
depths were captured in the sequential pictures taken by the 
Cranz-Schardin camera as depicted in Figures 6.7a-6.7f. Only six 
important frames out of the sixteen frames are shown. All the incident 
Rayleigh waves travelled from right to left. As in Figure 5.5 the 
explosive charge was placed at 220 mm from the slit. Care was taken so 
that the reflected waves from the two side edges of the birefringent 
sheet would not reach the area of interest at the time when the event 
was recorded. The first spark was set off 230 seconds after the 
explosion was initiated. The delay time between each frame was 
approximately 16.7 jisec. 
An important piece of Information provided by these pictures was 
about the behavior of the incident S wave which accompanied the R wave 
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as was shown in Figure 6.1a. The vertically polarized shear wave 
developed with depth into the body of material and the influence of the 
upper tip of the S wave in the photoelastic picture seems to extend to 
about 25 mm from the edge of the material as pointed by an arrow. 
However, the exact location where this influence was diminished is not 
known since the top part of the S wave was overlapped by the bottom part 
of the accompanying R wave. That part of the shear wave which 
interacted with the face of the slit was reflected and caused 
diffractions at the tip of the slit. For shallow slits, such diffracted 
shear waves were expected to be weak in intensity in accordance with the 
diminishing strength of the shear wave close to the edge of material. 
The increase in slit depths resulted in an increase in the strength of 
that portion of the shear wave which interacted with the flaw which in 
turn caused stronger diffracted waves at the tip. This effect is 
pointed out by the arrows in frames 6 of Figures 6.7a and 6.7f. For the 
3 mm slit, the shear wave passed underneath the defect almost 
undisturbed and its wave-front shape closely resembles the incident S 
wave in frame 2. However the tip of the shear wave for 18 mm slit was 
bent due to interaction with the tip of the flaw as pointed by the arrow 
in frame 6 of Figure 6.7f. The waveform shape of the S wave was altered 
when compared with the incident shear wave in frame 2. In the 
transmitted and reflected wave-trains, the strength of the diffracted 
waves from the tip which could reach the surface depended on their angle 
of incidence on the boundary [7]. 
Upon inspection of fringes in the photoelastic images of 
Figure 6.7a. 3 nun slit in PSM—1 model with 50 mg Lead Azide 
(Cranz-Schardin system) 
Figure 6.7b. 6 mm slit in PSM-1 model with 50 mg Lead Azide 
(Cranz-Schardin system) 
Figure 6.7c. 9 mm slit in PSM-1 model with 50 mg Lead Azide 
(Cranz-Schardin system) 
Figure 6.7d. 12 mm slit in PSM-1 model with 50 mg Lead Azide 
(Cranz-Schardin system) 
Figure 6.7e. 15 mm slit in PSM-1 model with 50 rag Lead Azide 
(Cranz-Schardin system) 
Figure 6.7f. 18 mm slit in PSM-1 model with 50 mg Lead Azide 
(Cranz-Schardin system) 
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progressively deeper slits, it became apparent that as the depths were 
increased, the number of fringes present in the transmitted wave-trains 
decreased correspondingly. This indicated the reduction in stresses 
thus displacements induced by the passage of these transmitted 
wave-trains. On the other hand, the reflected wave-trains experienced 
an increase in the number of fringes associated with them. An increase 
in the depth of the slits also resulted in the Increase in the length 
span between the two outermost fringes in the transmitted and reflected 
wave-trains since the surface waves propagating along the face of the 
slits had to traverse longer distances before reaching the tip and then 
back to the surface. It is evident from the photoelastic pictures that 
the P and PS waves, generated from the explosion or from reflections off 
the vertical edges of specimen, were not present when the interaction of 
the incident Rayleigh waves with the flaws of interest were recorded. 
Figure 6.8 represents a more detailed laser picture of the 
reflected and transmitted wave-trains resulting from the interaction of 
a Rayleigh wave with a surface slit, 3 mm in depth. Three points of 
interest on the slit are designated as 1 (left corner), 2 (Tip of the 
slit), and 3 (right corner). The incident Rayleigh wave, upon 
interacting with corner 3, went through all the mode conversions that 
were discussed for a quarter plane. Aside from the mode converted waves 
propagating into the material, part of the wave was reflected and part 
was transmitted. The transmitted part which propagated along the face 
of the defect toward the tip, contained almost all the Fourier 
components, i.e., all the wavelengths of the incident R wave. 
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Figure 6.8. 3 mm slit in PSM-1 model with 50 mg Lead Azide 
(laser system) 
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For investigating the interaction with the tip of a defect in more 
detail, Figure 6.9a was of great help since it represents mode 
conversions of an R wave at the tip of a slot 17]. The experiment was 
conducted such that the input shear wave generated from the explosion 
would not interact with the tip of the slot. This was achieved by using 
the setup shown in Figure 6.9b. Upon inspection of the photoelastic 
picture, it was observed that part of the R wave travelled around the 
2t 2r 
tip (R ) while the reflected wave (R ) was barely discernible due to 
its low fringe order and was very weak. A relatively strong shear wave 
with cylindrical wave-front was diffracted from the tip of the slit and 
2 
was denoted . If the dashed line in the photoelastic picture 
represents the imaginary boundary of the birefringent material, the 
fringe formation due to the diffracted shear indicates that a stronger 
shear wave would reach the boundary on the transmitted side than that on 
the reflected side. Such diffracted shear waves would propagate with 
shear wave velocity along the surface if they reach the boundary at an 
angle other than the grazing angle. Diffracted shear waves reaching and 
propagating along the boundary were expected to turn stronger for 
shallower slits due to smaller amount of attenuation. Returning to 
2t 
Figure 6.8, after interaction with the tip, the R propagated toward 
2r 
corner 1 and R toward corner 3. As these ultrasonic surface waves 
interacted with the corners, the same type of interactions which were 
discussed for quarter plane (Figure 6.5) were expected to take place. 
As discussed previously, an important property of Rayleigh waves 
is their exponential decay of displacement and energy with an increase 
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Figure 6.9a. Interaction of an input wave with a slot tip [7] 
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Figure 6.9b. Model used to study the effect of the 
slot tip on the input wave [7] 
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in the depth of penetration. Burger et al. [78] pioneered the use of 
this property of Rayleigh waves as a scale for depth estimation of 
surface flaws. Results from past research efforts strongly indicated 
that shallow slits acted as "low-pass filters" with the "cut-off point" 
of the filter correlating with the depth of slits (Figure 2.6). This 
method is sensitive to the depth rather than the length of defects. It 
has been proposed that the portion of a Rayleigh wave that is deeper 
than a slit is "cut-off" by the slit. The particle motions induced at 
the tip from such an interaction are of the longer wavelengths and carry 
mainly lower frequencies. The tip of the slit acts as a point source 
for generating diffracted body waves which radiate spherically outward. 
The fraction of the energy of such body waves which reaches the surface 
is converted to Rayleigh wave (R^) which is mainly composed of lower 
frequency components and should be devoid of the frequency components 
corresponding to wavelengths less than the depth of the slit. This 
indicates that the higher frequencies should be attenuated in the 
transmitted wave-trains while the reflected wave-trains should 
experience attenuation in the lower frequencies. 
Due to the buried source predictions made by Nakano [79], it was 
expected that R^ on the transmitted side, would appear in front of that 
portion of the Rayleigh wave which had to traverse along the faces of 
the slit R^. The signals received in the transmitted and reflected 
sides were composed of a number of superimposed waves originating from 
the tip and corners of the slit. Fortunately, each time a Rayleigh wave 
interacted with a corner, its energy was distributed among transmitted. 
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reflected and diffracted waves. This meant that not much energy was 
associated with most of those refracted and diffracted waves and they 
showed up in the received signals for the most part at low energy 
levels. In addition, the P and S diffracted waves which appeared on the 
surface were expected to show up mainly in front of the transmitted and 
the reflected wave-trains due to their higher velocity than the R wave. 
Inspection of the photographs taken by the Cranz-Schardin camera 
confirmed this idea. The frontal portions of the transmitted and 
reflected wave-trains seemed to move at a higher velocity than the main 
body of the wave-trains which travelled with R wave velocity and their 
front identified by a pointer. The distance between this pointer and 
the fringes due to the diffracted waves propagating at higher velocity 
was increased in subsequent frames. This phenomenon is demonstrated by 
comparing frames 6-10 of Figure 6.7d as an example. 
As was shown in Figures 2.7 and 2.8 the location where the 
frequency magnitude first approached a minimum was called the "cut-off" 
point which was close to the frequency that had a wavelength equal to 
the depth of defect. The "cut-off" property of the surface slits has 
been used to relate the increase in the depth of slits to such 
variations as the shift in the peak of the frequency spectrums, or the 
shift in the location of the first minimum after the occurrence of such 
peaks. However, in the past investigations, researchers had to use the 
Cranz-Schardin camera and birefringent materials of low sensitivities. 
The photoelastic pictures taken by the laser system for slits of 
different depths are presented in Figures 6.10-6.15. In all cases the 
a. Transmitted wavetraln 
b. Reflected wavetrain 
Figure 6.10. 3 mm slit in PSM-1 model with 50 mg Lead Azide 
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a. Transmitted "wavetraln 
b. Reflected wavetraln 
Figure 6.11. 6 mm slit  in PSM-1 model with 50 mg Lead Azide 
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a. Transmitted wavetrain 
b. Reflected wavetrain 
Figure 6.12. 9 mm sl it  in PSM-1 model with 50 mg Lead Azide 
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a. Transmitted wavetrain 
b. Reflected wavetrain 
Figure 6.13, 12 mm slit in PSM-1 model with 50 mg Lead Azide 
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a. Transmitted wavetrain 
b. Reflected wavetrain 
Figure 6.14. 15 mm slit in PSM-1 model with 50 mg Lead Azide 
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a. Transmitted wavetraln 
b. Reflected wavetraln 
Figure 6.15. 18 mm slit in PSM-1 model with 50 mg Lead Azide 
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incident Rayleigh wave was propagating from right to left. Upon 
inspection of these pictures and counting the fringe orders of all the 
photoelastic images, it became evident that an increase in the depth of 
a slit resulted in a corresponding decrease in the maximum fringe thus 
the maximum stress on the surface due to the propagation of the 
transmitted wave-train. This was in contrast to the results obtained 
for the reflected wave-trains. This is demonstrated by the waveform 
plots in the next section. The fringe formation due to the diffracted P 
and S waves which propagated along the surface were identified by 
comparison with the results obtained from the Cranz-Schardin camera, 
the "cut-off" Rayleigh followed the diffracted waves as was demonstrated 
in the discussion for Figure 2.6. As mentioned before, "saddle" and 
"trough" shapes are characteristic shapes of Rayleigh waves in 
photoelastic pictures. Saddle shapes represent areas where the fringes 
approach the zero value. One such saddle shape is signified by an arrow 
in Figure 6.10a. If this saddle shape is followed in subsequent 
pictures of the transmitted wave-trains, it can be observed that its 
distance to the last fringe of the trailing edge, as signified by a 
pointer, increased as the depth of the slit increased. This was 
expected to be due to the transmitted wave having to propagate 
increasingly greater distances around the faces of the slit before 
reaching the surface and showing up on the trailing end of the 
transmitted wave-train. 
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As for the reflected waves, increased depth of the slits resulted 
in certain changes to the pattern of fringes. For the 3 mm slit, the 
signal from the reflected wave-train was comparatively weak. The 
inspection of the picture for the 6 mm slit revealed the existence of 
four saddle shapes as identified by arrows and pointers. This is an 
indication of the superposition of at least two Rayleigh waves in the 
reflected wave-trains. In accordance with the results from Figure 6.5, 
the incident Rayleigh upon striking corner 3, was reflected, transmitted 
and mode converted to body waves with the corner acting as a source 
point. The diffracted P and S waves appeared on the right hand side of 
the photoelastic pictures 6.10b-6.15b and were followed by the Rayleigh 
wave (Rj.) which was reflected from corner 3. The saddle shape of this R 
wave is pointed by the longer arrow (number 4 in Figure 6.11b). The 
diffracted P and S waves became easily distinguishable upon inspection 
of the pictures taken by the Cranz-Schardin camera. Another effect of 
interest was the tip 2 acting as a point source due to the incidence of 
the vertically polarized shear wave as was discussed for Figure 6.7f and 
the deeper portion of the incident R wave discussed in Figure 6.9a. The 
diffracted waves which reached the surface on the reflected side, were 
expected to superimpose the R^ in the reflected wave-train. 
On the trailing end of the reflected wave-train, on the left hand 
portion of Figures 6.10b-6.15b, the interpretation of the fringes proved 
more challenging. Just below the saddle shape marked by pointer no. 2 
in Figure 6.11b, is a closed fringe loop which is denoted as a "Ridge" 
and marked by an (x). Ridges are regions where the fringe values 
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approach a maximum, a minimum, or zero value. By following the location 
of this saddle shape and the ridge below it in subsequent pictures, it 
was observed that increases in the depth of slits caused profound 
changes in the values of stresses in that portion of the reflected 
wave-train. The ridge marked by x and fringe formations to the left of 
pointer 2 in Figure 6.11b have completely vanished in Figure 6.15b. In 
fact the saddle no. 2 kept its characteristic "saddle" shape only up to 
the slit depth of 12 mm. This is indicative of a wave, propagating at 
Rayleigh wave speed, in the trailing end of the reflected wave-train 
which diminished as the slit depth was increased. 
The distance between the two saddle shapes no. 2 and no. 4 were 
measured in subsequent pictures where the center of the saddles were 
identifiable. These distances were measured as 14.1 mm in Figure 6.11b, 
17.1 mm in Figure 6.12b, and 19.8 mm in Figure 6.13b. These increases 
of about 3 mm in distances between The two saddle shapes in subsequent 
pictures corresponded with the 3 ram increase in depth of slits each 
time. The cause of this incremental increase in distance is believed to 
be the transmitted Rayleigh wave from corner 3 which had to traverse a 
longer distance of 3 mm each time the length of the slit was increased 
and before reaching point 2. This wave interacted with point 2 in the 
same fashion that was demonstrated in Figure 6.9a. The two most likely 
sources for the diminishing Rayleigh at the trailing end were determined 
to be the reflection or diffraction from point 2 due to incidence of 
this transmitted Rayleigh from corner 3. It was shown in Figure 6.9a 
that the reflected wave from tip 2 did not carry much energy and was 
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very weak. Upon interacting with corner 3, it lost even more energy to 
mode conversions. Therefore, it is postulated that the R wave of 
interest appeared on the surface by diffractions from corner 2 which was 
initiated by the transmitted wave from corner 3 as shown in Figure 6.16. 
2. Data and spectral analysis 
As discussed previously, upon digitizing the photoelastic pictures 
and plotting the fringe values along the edge of the material, plots of 
the stress magnitudes along the boundaries were obtained. The shape of 
the waveform plots changed for the transmitted and reflected wave-trains 
as the depth of the slit was increased. 
A cubic spline-fit routine fitted the waveform plots with equally 
spaced additional points to make them suitable as an input for a Fast 
Fourier Transform (FFT) program. The waveform plots of the transmitted 
waves along with the plot of the first eight harmonics of the spectral 
density are presented in Figures 6.17a-6.17f. It was not possible to 
convert these spatial plots to equivalent time scales since the 
transmitted waves were composed of both shear and Rayleigh waves with 
different propagation velocities. 
The vertical axis of the waveform plots represents the value of 
fringes while the horizontal axis represents length in millimeters. 
The span of the horizontal axis was chosen to be 200 mm in order to 
facilitate the comparison of all the transmitted waveforms. In 
accordance with the photoelastic pictures, with the direction of 
propagation pointed by arrows, the Rayleigh wave was plotted with its 
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INPUT 
Figure 6.16. Rayleigli wave appearing on the surface due to 
diffractions from tip 2 
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Biullnt ( N pointi). 
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b. Waveform plots after spline fit 
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c. Spatial frequency spectrum 
Figure 6.17a. 3 mm sl it  in PSM-1 model with 50 mg Lead Azide 
( transnii t  ted wave- I rain) 
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b. Waveform plots after spline fit 
c. Spatial frequency spectrum 
Figure 6.17b. 6 mm slit  in PSM-1 model with 50 mg Lead Azide 
(transmitted wave-train) 
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b. Waveform plots after spline fit 
iTO; 
c. Spatial frequency spectrum 
Figure 6.17c. 9 mm sl it  in PSM-1 model with 50 mg Lead Azide 
(transmitted wave-train) 
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Figure 6.17cl.  12 mm sl it  in PSM-1 model with 50 mg Lead Azide 
(transmitted wave-train) 
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b. Waveform plots after spline fit 
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c. Spatial frequency spectrum 
Figure 6.17e. 15 mm sl it  in PSM-1 model with 50 mg Lead Azide 
(transmitted wave-train) 
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c. Spatial frequency spectrum 
Figure 6.17f. 18 mm sl it  in PSH-1 model with 50 mg Lead Azide 
( transnii t  ted wave-U n lu) 
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front starting from the left. As the depth of the slit was increased, 
the trailing end was extended since the had to traverse a longer 
distance along the edges of the slit. The program "RWAVE" which could 
identify single waveforms with characteristic Rayleigh shape, was used 
to demonstrate this phenomenon. One such waveform and residuals left 
from the operation are shown in Figure 6.18. As discussed previously, 
it was expected that the two dominant waves present in the transmitted 
wave-forms were the "cut-off" R and transmitted R^ waves with R 
c t c 
arriving in front of R^. The R^ containing the higher frequency 
components of the incident Rayleigh wave became very weak as it went 
around the slot. This was due to multiple reflections and mode 
conversions occuring at each corner of the slit. It is postulated that 
the single waveform in Figure 6.18b is representing the R^ wave while R^ 
is shown on the right hand side of the residual plot in Figure 6.18c. 
The transmission and reflection characteristics of Rayleigh wave 
interaction with slits of different depths was investigated through 
comparison of the maximum stress induced on the surface by the 
transmitted and reflected wave-trains to that by the incident R wave. 
The transmission coefficient was calculated according to: 
A^(x) = = N^(x)/Nj j^^(x) 
where; A^(x) = transmission coefficient 
ff^(x) = maximum stress in the transmitted signal 
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a. Transmitted wave-train 
• 
I 
b. Singled out wave-form 
U'iSr'S^ MT 
c. Residuals 
Figure 6.18. Finding a single wave-form in the transmitted wave-train 
of a 15 mm surface slit along with residuals 
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(Tinc(x) = maximum stress of the incident R wave signal 
N^(x) = maximum fringe counted in the transmitted signal 
Ninc(x) = maximum fringe counted in the incident signal 
In this case the maximum fringes counted were always on the front 
and tensile part of the transmitted wave and they were compared to the 
maximum fringe on tensile portion of the incident R wave. It should be 
noted that the attenuation and dispersion effects were not dealt with in 
the determination of coefficients since the photoelastic pictures taken 
by the laser system were used and successive frames were not available. 
The results for for different depths of slit are presented in Table 
6.3. Figure 6.19 compares the results from this investigation with the 
analytical and experimental results obtained by other investigators 
[7,24] with representing the wavelength of the incident Rayleigh 
wave. The discrepancies in the values from this research with those 
of conventional ultrasonic testing are attributed to the higher 
precision and greater number of data obtained in conventional testing 
and the effect of Poisson ratio since the phenomena under study was \) 
dependent. 
Another approach for defining the transmission coefficient is to 
use the peak values of the frequency spectrums. If is the peak value 
in the spatial frequency spectrum of the transmitted wave-train and P^^^ 
is that of the incident R wave, then the transmission coefficient A^' 
calculated from the spatial frequency spectrums is defined by: 
At '  "  P t  /  P ine  
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The results of this operation are presented in Table 6.4 and are 
compared with the results of other investigators in Figure 6.19. The 
results obtained for A^' matched very well with the results obtained 
from conventional ultrasonic testing which is another indication of the 
advantage of using ultrasonic spectroscopy method over that of the 
amplitude measurement method. 
In Figures 6.17a-6.17f, the horizontal axis of the spatial 
frequency spectrums are in terms of "spatial angular frequency" with 
units of cycles/radian. The results obtained for the Peaks and their 
corresponding wavelengths are presented in Table 6.4. As expected, the 
filtering effect of the slit meant that as the depth of slits were 
increased, the transmitted wave-trains turned more deficient in the 
higher frequency ranges. This caused the shift toward the lower 
frequencies of the peaks and "cut-off" points of the spatial frequency 
spectrums with respect to the depth of defect, as found in previous 
investigations. It is less reliable to locate the exact position of 
cut-off points than the peaks of the spatial frequency spectrums. For 
this reason, only the shift of the peaks were investigated and 
correlated to the depth of slits. The plot of variations of the peaks 
with respect to slit depths are presented in Figure 6.20. The vertical 
dashed line indicates the peak frequency in the spatial frequency 
spectrum of a (50 mg) incident R wave which is equal to 0.028 cycles/mm. 
The same procedure was repeated for digitizing photoelastic 
pictures of the reflected wave-trains and the resulting waveforms along 
This Work 
Figure 2.7 [7] 
Singh 
Figure 2.9 [7] 
Vu and Kinra A [24] 
Reinhardt and Dally A [23] 
2-0  1.5 2.5 0.5 1.0 
Figure 6.19 Transmission coefficients for surface slits of 
different depth 1 
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Table 6 .3. Transmission coefficients for the 






Max. Fringe Value Transmission Coefficient 
6.2c 0.0 9.0 1.00 
6.10a 3.0 5.5 0.61 
6.11a 6.0 4.0 0.44 
6.12a 9.0 3.0 0.33 
6.13a 12.0 2.5 0.27 
6.14a 15.0 2.0 0.22 
6.15a 18.0 1.5 0.16 
Table 6. 4 Peaks of the spatial frequency spectrums of the 











Reference (50 mg) 0.0286 0.1800 34 ..9 1.00 
6.17a 3.0 0.0255 0.1600 39.2 0.89 
6.17b 6.0 0.0230 0.1445 41.6 0.80 
6.17c 9.0 0.0180 0.1130 55.5 0.63 
6.17d 12.0 0.0127 0.0789 78.7 0.44 
6.17e 15.0 0.0110 0.0691 90.9 0.38 
6.17f 18.0 0.0093 0.0584 106.4 0.32 
Transmitted 
Input 
Figure 6.20. Peaks of spatial frequency spectrum (cycles/mm) vs. 
depth of surface slit 
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with their spatial frequency spectrums are presented in Figures 
6.21a-6.21f. In this case, the photoelastic pictures were turned upside 
down and then digitized so that the reflected wave-trains would be 
propagating from right to left in accordance with the incident and 
transmitted wave-trains. The existence of at least two Rayleigh waves 
in the reflected wave-train are more easily distinguished when compared 
to the characteristic shape of a reference Rayleigh wave-form. This 
characteristic shape is typically a tensile pulse followed immediately 
by a compressive pulse on the tail. Program "RWAVE" was again used for 
separating such waveforms with the results for three different slit 
depths presented in Figures 6.22-6.24. With the background provided in 
previous section and the discussion on reflected wave-trains, the 
singled out wave-forms of Figures 6.22a-6.2Aa are believed to represent 
the Rj. reflected from the face of the slit since it was expected to be 
the dominant feature on the front portion of the reflected wave-train. 
The Rj. was expected to follow the mode converted P and S waves from 
corner 3 which were excluded in constructing the wave-form plots. From 
the discussion in last section, it is believed that the Rayleigh 
wave-form on the right side of the residuals plot originated from 
diffractions at the tip caused by the transmitted wave from corner 3. 
As for the reflection coefficient, the same procedure used for 
determining the A^ was followed with A^ defined as: 
Aj^ (x) = (^ r(^ )^ '^ inc(^ ) = 
Waveform plots after spline fit 
t , o tn  
noo 
Spatial frequency spectrum 
Figure 6.21a. 3 mm sl it  in PSM-1 model with 50 mg Lead Azide 
(reflected wave-train) 
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Waveform plots after spline fit 
Spatial frequency spectrum 
Figure 6.21b. 6 mm sl it  in PSM-1 model with 50 mg Lead Azide 
(reflected wave-train) 
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Waveform plots after spline fit 
Spatial frequency spectrum 
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Spatial frequency spectrum 
Figure 6.21d.  12 mm s l i t  in PSM-1 model with 50 mg Lead Azide 
(reflected wave-train) 
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Waveform plots after spline fit 
SPECIRi 
Spatial frequency spectrum 
Figure 6.21e.  15 mm s l i t  in PSM-1 model with 50 mg Lead Azide 
(reflected wave-train) 
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Waveform plots after spline fit 
rfi^ eiiOB^ eiiikkkyHHii^ eUEEinBE 
Spatial frequency spectrum 
Figure 6.21f.  18 mm s l i t  in PSM-1 model with 50 mg Lead Azide 
(reflected wave-train) 
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a. Reflected wave-train 
3,0 
• i .  - l  I !  
, . .  ;  .il U.' f 11 'fur i 
b. Singled out wave-form 
c. Residuals 
Figure 6.22.  Finding a single wave-form in the reflected wave-train 
of  a 6 mm surface s l i t  along with residuals 
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a. Reflected wave-train 
1 
b. Singled out wave-form 
c. Residuals 
Figure 6.23.  Finding a s ingle wave-form in the reflected wave-train 
of  a 9 mm surface s l i t  along with residuals 
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Reflected wave-train 
b. Singled out wave-form 
IM.04. 
c.Residuals 
Figure 6.24.  Finding a s ingle wave-form in the reflected wave-tram 
of a 12 mm surface s l i t  along with residuals 
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where: A^(x) = reflection coefficient 
= maximum stress in the reflected signal 
Nj.(x) = maximum fringe counted in the reflected signal 
The incident R wave changes its sign upon reflection from the edge 
of slit and the reflected R wave has a different profile than those of 
the incident and transmitted R wave. For this reason the maximum fringe 
orders on the tensile portion of the reflected wave-trains were compared 
with the maximum fringe counted on the compressive portion of the 
incident Raylelgh wave. The reflection coefficients for different 
depths of slit were calculated and are presented in Table 6.5. 
Comparison with the results of other investigators in Figure 6.25 shows 
the advantage of using the laser system over the Cranz-Schardin camera. 
In contrast to the results presented by Reinhardt and Dally [23], the 
obtained results in this investigation showed the characteristic 
modulation behavior in accordance with the analytical and conventional 
testing results. The deviations from conventional results and the 
errors in determining the values for are partly attributed to the 
limited resolution of the optical system and the attenuation of Raylelgh 
waves propagating in sheets of PSM-1. 
As the depth of the slit Increased, the peak frequencies of the 
frequency spectrums experienced a shift but in the Inverse direction of 
that for the transmitted case. Due to the low pass filtering effect, 
shallow slits severely attenuated the lower frequencies in the reflected 
wave-trains. However, as the depth of the slits was Increased, more and 
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Figure 6.25. Reflection coefficients for surface slits of 
different depth 1 
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and lover frequencies gained more strength in the corresponding spatial 
frequency spectrums. This caused the shift of the peaks in the spatial 
frequency spectrums toward the lower frequencies. The obtained results 
for these peaks along with their corresponding wavelengths are presented 
in Table 6.6. 
The peaks were plotted against the increases in the depth of slits 
as shown in Figure 6.26. Figure 6.27 combines the results of Figures 
6.20 and 6.26 with the vertical dashed line at 0.028 cycles/mm 
signifying the peak frequency of the (50 mg) incident R wave As 
expected, for the transmitted case, f'pggj^ corresponding to the 3 mm 
defect was the closest to that of the f'^^^ since it caused the least 
disturbance in the transmission process. For the reflected case, the 
f'peak corresponding to the 18 mm defect approached the value of f'^^^ 
as most of the higher frequency portions of R wave was reflected and 
only a small fraction of the lower frequencies were transmitted. Upon 
inspection of the plots of both transmitted and reflected wave-trains 
and from the dispersion of the data points, three distinct regions were 
discerned. Between the depths of 6 mm to 12 mm, a linear shift of the 
peak frequencies with respect to increases in depth was observed. For 
all the other depths, the slope of the lines connecting the points were 
increased. This meant that large changes of slit depth in those two 
regions corresponded to smaller changes in the shift of the peak 
frequencies and sensitivity of detection was decreased. If the line 
connecting the depths of 12 mm, 15 mm, and 18 mm in the reflected 
wave-train plot is extended to intersect with the dashed vertical line, 
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Table 6.5. Reflection coefficients for the reflected wave-trains 
from surface slits 
Slit Depth Max. Fringe Value Reflection Coefficient 
Figure (mm) (compressive) 
6.2c 0.0 7.5 1.00 
6.10b 3.0 1.5 0.20 
6.11b 6.0 2.5 0.33 
6.12b 9.0 3.0 0.40 
6.13b 12.0 2.0 0.27 
6.14b 15.0 2.0 0.27 
6.15b 18.0 2.0 0.27 
Table 6. 6. Peaks of the spatial frequency spectrums of the 









Reference (SO mg) 0.0286 0.1800 34.9 
6.21a 3.0 0.0520 0.3270 19.2 
6.21b 6.0 0.0470 0.2953 21.2 
6.21c 9.0 0.0396 0.02492 25.2 
6.21d 12.0 0.0345 0.2167 28.9 
6.21e 15.0 0.0320 0.2010 31.2 
6.21f 18.0 0.0300 0.1891 33.3 
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Figure 6.27. Plot of the peaks (cycles/mm) from transmitted and 
reflected wave-train data vs. depth of surface slit (mm) 
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its location approximates the maximum depth of a slit which can be 
estimated by using reflected Rayleigh wave spectroscopy. This of course 
relies on the assumption that for slits deeper than 16 mm, the shift in 
the peaks of frequency spectrums would be linear with respect to the 
increase in depth and would follow the same path. By drawing a 
horizontal line from the point of intersection, this depth was 
determined to be approximately equal to 20 mm. On the other hand, by 
extending the line connecting 3 mm and 6 mm data points for the 
transmitted wave, it intersects the horizontal axis at the frequency of 
the incident Rayleigh wave (i.e., slit depth = 0.0) thus confirming the 
accuracy of the results. 
C. Near Surface Slits 
1. Interaction with a Rayleigh wave 
The Cranz-Schardin photoelastic pictures taken of the interaction 
of Rayleigh waves for three of the near surface defects are presented in 
Figures 6.27a-6.27c. The distance from the source of explosion and the 
defect was again equal to 220 mm. The delay time between each frame was 
selected equal to approximately 16.7 psec. Only six important frames 
out of the sixteen available frames are shown. As discussed before and 
shown in Figure 6.1, it is not known exactly how far the influence of 
shear wave extended toward the surface of material. The depth of 18 mm 
was chosen for the lower tip so that strong interaction with the shear 
wave could be avoided. Interaction of the shear wave with the tip would 
Figure 6.27a. 18 ram deep subsurface slit with a 7 mm ligament 
(Cranz-Schardin) 
Figure 6.27b. 18 mm deep subsurface slit with a 4 mm ligament 
(Cranz-Schard in) 
Figure 6.27c- 18 mm deep subsurface slit v/ith a 1 mm ligament 
(Cranz-Schardin) 
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cause diffracted waves to appear on the surface and in front of the 
transmitted and reflected wave-trains. Even at 18 mm depth, some 
interaction was anticipated. The resulting diffracted waves were 
identified in the successive frames as their distance from the main body 
of the transmitted and reflected wave-trains were increased due to their 
higher velocity of propagation. 
Better fringe resolution was provided by the photoelastic pictures 
taken by the laser system. Transmitted and reflected wave-trains from 
the interaction of Rayleigh wave with near surface flaws are presented 
in Figures 6.28-6.32. For the 5 mm defect, the incident Rayleigh 
crossed over the defect and through the 13 mm ligament almost 
undisturbed. The number of fringes in the reflected wave were few which 
indicated the low amount of energy associated with the reflected 
wave-train. It must be noted that as the length of the defect 
increased, i.e., the size of the ligament decreased, the transmitted 
wave-trains lost substantial energy and their fringe orders were reduced 
in value while the reflected wave-trains went through the reverse 
process and picked up more strength. 
The particle motions due to the incidence of a Rayleigh wave which 
struck the two tips of the defect, caused diffracted waves emanating 
from the two points. The diffracted waves which reached the surface at 
grazing angle, would mode convert back to R waves and would superimpose 
that part of the incident R wave which passed through the ligament 
undisturbed. The particle motions striking the lower tip were due to 
the longer wavelengths of the R wave and carried less energy when 
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a. Transmitted wavetrain 
b. Reflected wavetrain 
Figure 6.28.  18 mm deep subsurface s l i t  with a 13 mm l igament 
( laser system) 
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a. Transmitted wavetrain 
b. Reflected wavetrain 
Figure 6.29.  18 mm deep subsurface s l i t  with a 10 mm l igament 
( laser system) 
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a. Transmitted wavetrain 
b. Reflected wavetrain 
Figure 6.30.  18 mm deep subsurface s l i t  with a 7 mm l igament 
( laser system) 
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a. Transmitted wavetrain 
b. Reflected wavetrain 
Figure 6.31.  18 mm deep subsurface s l i t  with a 4 mm l igament 
( laser system) 
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a. Transmitted wavetrain 
b. Reflected wavetrain 
Figure 6.32.  18 mm deep subsurface s l i t  with a 1 mm l igament 
( laser system) 
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compared to those being scattered from the upper tip. 
It has been suggested that when a Rayleigh wave strikes a near 
surface hole [13], as opposed to a surface slit, apart from the upper 
portion of the R wave which is transmitted through the ligament (R^), a 
wrap around or circumferential Rayleigh wave (R^) travels around the 
hole on the boundary of the defect as shown in Figure 6.33a [13]. At 
the end of one cycle around the hole, the circumferential Rayleigh is 
expected to cause diffractions. In those investigations, the resulting 
diffracted waves showed up on the surface as Rayleigh waves trailing the 
original transmitted wave R^. A frequency analysis performed on the R^ 
waves from different size holes at different depths yielded a 
characteristic curve relating the depth of ligaments to the peak of the 
frequency spectrums. 
This same idea was used in this investigation to explain the 
formation of the trailing end in the transmitted and reflected 
wave-trains from near surface slits. That portion of the Rayleigh wave 
which crossed undisturbed through the ligament was denoted as R^. It 
was assumed that for shallow ligaments, the higher frequency particle 
motions of the incident R wave (Figure 6.33b) would cause a surface wave 
propagating along the surface of the defect in a clockwise fashion. If 
the depth of the lower tip was less than the depth of penetration of the 
incident Rayleigh wave another surface wave due to longer wavelengths of 
the incident R wave was expected to circumnavigate the faces of the 
defect in a counterclockwise fashion. The wave created on the upper tip 




a. Near surface cavity 
b. Near surface slit 
Figure 6.33.  Interaction of  a Rayleigh wave with 
subsurface f law [13] 
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was called the circumferential wave R^. This wave, upon striking each 
tip of the defect, generated diffracted body waves which showed up in 
the trailing end of the transmitted and reflected wave-trains upon 
reaching the surface. The wave, lost a lot of energy each time it 
interacted with a tip of the defect, and soon died down. It can be 
observed in the photoelastic pictures that as the length of the defects 
increased corresponding to the decrease in ligament size, the distance 
between the front of the wave-trains and the trailing ends were 
stretched as shown by the arrows. To explain this effect, the author 
postulates that the R^ wave had to travel a greater distance before 
reaching the lower tip and generating diffracted waves thus extending 
the span of the transmitted and reflected wave-trains. 
2. Data and spectral analysis 
The photoelastic pictures were digitized and the resulting 
waveform plots of the transmitted wave-trains along with their 
corresponding spatial frequencies are presented in Figures 6.34a-6.34e. 
As expected, there was substantial drop in the fringe values of the 
transmitted wave-train as the size of the ligament was reduced and 
larger proportions of the incident R wave were reflected. The stress 
wave-forms were plotted in accordance with the direction of propagation 
of the transmitted waves propagating from right to left. In the 
wave-form plots, the frontal portion of the transmitted wave is the 
tensile pulse followed by the compressive pulse on the trailing end. 
The horizontal axis of the stress wave plots is in terms of millimeters 
195 
b. Waveform plots after spline fit 
Frenuuncy,Cycles per 
:rrï iH.nT FORRMTS.D.IT 
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c. Spatial frequency spectrum 
Figure 6.34a.  18 mm deep subsurface s l i t  with a 13 mm l igament 
(transmitted wave-train) 
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BasiliiM ( BO point»), 
SPLINE fit for SST8.MT 
b. Waveform plots after spline fit 
SPECTRAL DENSITY PLOT .. 
First 8 hâmanics for File : SST8.DAT 
c. Spatial frequency spectrum 
Figure 6.34b.  18 mm deep subsurface s l i t  with a 10 mm l igament 
(transmitted wave-train) 
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b. Waveform plots after spline fit 
c. Spatial frequency spectrum 
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b. Waveform plots after spline fit 
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c. Spatial frequency spectrum 
Figure 6.34d.  18 mm deep subsurface s l i t  with a 4 mm l igament 
(transmitted wave-train) 
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SPLINE fit far S5TI7.MT 
b. Waveform plots after spline fit 
Spatial frequency spectrum 
Figure 6.34e. 18 mm deep subsurface slit with a 1 mm ligament 
(transmitted wave-train) 
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and the viewing window was selected to represent 200 mm. The vertical 
axis represents the positive and negative fringe values. Again, the 
increase in the distance between the front and the trailing end of the 
transmitted wave-trains was observed for the corresponding decrease in 
the depth of ligament. Using the program "RWAVE" and through the 
process described before, the was singled out from the transmitted 
wave-trains of each defect. One such operation is shown in Figure 6.35 
again indicating the presence of more than one wave in the transmitted 
wave-train. 
The transmission A^ coefficients were calculated according to the 
procedures which were outlined for surface slits and the results are 
presented in Table 6.7. 
Upon inspection of the results from Fast Fourier Transforms of the 
waveform plots, a shift toward higher frequencies was observed for the 
central peaks of the spatial frequency spectrums with respect to 
corresponding increases in the length of ligaments. This shift toward 
the higher frequencies were expected since as the ligament length was 
increased, more of the higher frequency portions of the incident 
Rayleigh wave were allowed to cross undisturbed across the top of 
defect. The obtained results along with the calculated values for A'^ 
are presented in Table 6.8. The resulting plot of the peak values with 
respect to the ligament depth is shown in Figure 6.36. 
The same procedure was repeated for the reflected wave-train and 
the waveform plots along with their corresponding frequency spectrums 
are presented in Figures 6.37a-6.37e. The photoelastic picture were 
201 
Base I In» ( 16 points), 
SPLINE fit for SST17.MT 
a. Transmitted wave-train 
b. Singled out wave-form 
c. Residuals 
Figure 6.35. Finding a single wave-form in the transmitted wave-train 
through a 1 mm ligament along with residuals 
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Table 6.7. Transmission coefficients for the transmitted wave-trains 
from near surface slits (lower tip at 18 mm from surface) 
Figure Ligament Length Max. Fringe Value Transmission Coefficient 
(mm) Aj. 
6.2c Reference (SO mg) 9.0 1.00 
6.28a 13.0 9.0 1.00 
6.29a 10.0 8.0 0.88 
6.30a 7.0 7.5 0.83 
6.31a 4.0 5.5 0.61 
6.32a 1.0 2.5 0.27 
Table 6.8. Peaks of the spatial frequency spectrums of the 
transmitted wave-trains from near surface defects 
Ligament Length Peak Spatial Frequency Wavelength 
Figure (mm) (cycles/mm) (cycles/radian) (mm/cycle) 
Reference (50 mg) 0.0286 0.1800 34.9 1.00 
6.34a 13.0 0.0261 0.1644 38.2 0.91 
6.34b 10.0 0.0240 0.1511 41.6 0.84 
6.34c 7.0 0.0187 0.1180 53.4 0.65 
6.34d 4.0 0.0134 0.0843 74.6 0.47 
6.34e 1.0 0.0087 0.0549 114.9 0.30 





Figure 6.36. Peak of the spatial frequency spectrum (cycles/mm) vs. 
depth of ligament (mm) 
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inverted upside down for digitization so that the reflected wave would 
seem to travel from right to left corresponding to the direction of 
travel of the incident R wave. In this case the tensile pulse 
represents the leading portion of the reflected wave-train and the 
compressive pulse is the trailing end. The peaks of the spatial 
frequency spectrums for the reflected wave-trains are presented in Table 
6.9. These frequency peaks were plotted with respect to the size of 
ligament and are shown in Figure 6.38. As the ligament length was 
decreased from 13 mm to 1 mm, a larger part of the deeper penetrating 
portions (i.e., lower frequency portions) of the incident Rayleigh were 
reflected by the face of the defect, and so the shift toward the lower 
frequencies was observed. The two plots of Figures 6.36 and 6.38 were 
combined in Figure 6.39 for comparison. In the case of near surface 
flaws with fixed depth of the lover tip, two regions can be recognized 
in plots of both transmitted and reflected wave-trains. A linear shift 
of the peak spatial frequencies with respect to the increase in ligament 
size can be observed up to the depth of 10 mm. From then on the slope 
of the curves increased as larger increases in ligament size 
corresponded to smaller variations in the peak of spatial frequency 
spectrums. This means loss of sensitivity and accuracy in estimating 
the size of ligaments with depths greater than 10 mm. The line 
connecting the 10 mm and 13 mm data points in the transmitted side was 
extended. It intersected the dashed vertical line which signified the 
peak of the spatial frequency spectrum of a Rayleigh wave (generated 
from 50 mg explosive). By projecting this point of intersection on the 
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vertical axis, it is postulated that a maximum ligament depth of 
approximately 17 mm, for a defect 1 mm in length, could be detected 
using this method. However for this to be true, it is assumed that the 
peaks of spatial frequency spectrums for ligament depths greater than 13 
mm should vary linearly with respect to the increase in depth. 
If the line connecting the 1 mm and 4 mm data points on the 
transmitted side is extended, its intersection with the horizontal axis 
should represent the peak frequency of a transmitted Rayleigh wave from 
interaction with a 18 mm deep surface slit (i.e., ligament size = 0.0). 
The point of Intersection represents a peak spatial frequency equal to 
0.0073 cycles/mm. This value does not agree very well with the peak 
frequency of a 18 mm deep slit as found earlier to be equal to 0.0093 
cycles/mm (Table 6.4). However, the transmitted wave-train from an 18 
mm deep slit was very weak and inaccuracies in locating and designating 
fringe values was anticipated. 
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b. Waveform plots after spline fit 
c. Spatial frequency spectrum 
Figure 6.37a. 18 mm deep subsurface slit with a 13 mm ligament 
(reflected wave-train) 
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Bastlirw ( il point#), 
SPLINE fil for LRIO.MT 
b. Waveform plots after spline fit 
c. Spatial frequency spectrum 
Figure 6.37b. 18 mm deep subsurface slit with a 10 mm ligament 
(reflected wave-train) 
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b. Waveform plots after spline fit 
c. Spatial frequency spectrum 
Figure 6.37c. 18 mm deep subsurface slit with a 7 mm ligament 
(reflected wave-train) 
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Butlira ( 2S point»), 
SPLINE fit for UI4.DAT 
b. Waveform plots after spline fit 
c. Spatial frequency spectrum 
Figure 6.37d. 18 mm deep subsurface slit with a 4 mm ligament 
(reflected wave-train) 
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b. Waveform plots after spline fit 
c. Spatial frequency spectrum 
Figure 6.37e, 18 mm deep subsurface slit with a 1 mm ligament 
(reflected wave-train) 
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Table 6.9. Reflection coefficients for the reflected wave-trains 
from near surface slits (lower tip at 18 mm from surface) 
Figure Ligament Length Max. Fringe Value Reflection Coefficient 
(mm) (compressive) 
6.2c Reference (50 mg) 7.0 1.00 
6.29b 13.0 1.5 0.20 
6.30b 10.0 2.0 0.27 
6.31b 7.0 3.5 0.47 
6.32b 4.0 4.5 0.60 
6.33b 1.0 3.0 0.40 
Table 6.10 Peaks of the spatial frequency spectrums of the reflected 









Reference (50 mg) 0.0286 0.1800 34.9 
6.37a 13.0 0.0380 0.2396 26.3 
6.37b 10.0 0.0365 0.2292 27.4 
6.37c 7.0 0.0340 0.2136 29.4 
6.37d 4.0 0.0310 0.1952 32.2 
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Figure 6.38. Peak of the spatial frequency spectrum (cycles/mm) vs. 








Figure 6.39. Peak, of the transmitted and reflected wave-
(cycles/ram) vs. depth of ligament 
trains 
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VII. SUMMARY AND CONCLUSION 
Through this research, the validity and usefulness of Rayleigh 
wave ultrasonic testing of surface and near surface defects has been 
demonstrated and the results are used to complement the results of the 
previous Investigations at Iowa State University. In addition, it has 
been shown that ultrasonic spectroscopy is a viable tool for estimating 
the size of such defects. 
The interaction of Rayleigh waves with different depth slits and 
near surface slits has been successfully visualized and interpreted by 
past researchers. The Cranz-Schardin system made it possible to take 
sequential full field photoelastic pictures of such an interaction. 
Employment of the pulsed laser system for this investigation made it 
possible to obtain photoelastic pictures with excellent resolution. 
Fringe values and their locations on the surface of the material were 
determined with an accuracy which has not been possible before. The 
obtained waveform plots accurately reflected the state of stress along 
the boundary of material. The transmission and reflection coefficients 
for different depths of surface slits were calculated (Tables 6.3 and 
6.5) and compared with the results of other investigators. 
The variations in the peaks of the spatial frequency spectrums 
were plotted against the depths of defects. Both the transmitted and 
reflected wave-trains demonstrated the same pattern for the variation of 
the peaks with respect to depths. As suggested by other investigators 
in the past [6-10] the surface slit behaves as a low pass filter for an 
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incident Rayleigh wave. The lower frequencies of the R wave which 
penetrate deeper into the material than the tip of the slit, are 
diffracted at the tip and show up on the transmitted wave-train. This 
explains the shift of the spatial frequency peaks of transmitted 
wave-trains toward higher frequencies due to reduction in the depth of 
slit. For shallower slits, more higher frequency portions of Rayleigh 
wave are diffracted from the tip which show up on the transmitted side, 
thus causing the shift toward higher frequencies. The same kind of 
argument is valid for the frequency peaks of the reflected signals which 
shifted toward lower frequencies as the depth of slit was increased. An 
increase in depth corresponded with more of the lower frequency portions 
of the incident R wave (with depth of penetration less than the depth of 
slit) being reflected thus causing the shift toward lower frequencies. 
The peaks of the spatial frequency spectrums varied linearly in 
the range of 6 mm to 12 mm deep slits (0.17)^ to 0.34X^ with being 
the wavelength corresponding to the peak of spatial frequency spectrum 
of the incident Rayleigh wave which for the 50 mg explosive was 
approximately equal to 35 mm/cycle). For any depth outside this range, 
the variations in the peaks were less sensitive to corresponding 
variations in the depth of flaws. By extending the line connecting the 
data points, it was postulated that this technique could estimate the 
depth of surface flaws to a maximum depth of 20 mm (0.57X^). This 
corresponded well with the results of Reinhardt and Dally who indicated 
that variation of surface wave transmission and reflection coefficients 
could provide satisfactory results for characterizing cracks less than 
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1/2 wavelength deep [23]. The calculated transmission coefficients 
as presented in Table 6.3 agreed well with the results of Reinhardt and 
Dally [23] as shown in Figures 6.19. However, the reflection 
coefficients agreed better with the results obtained from 
conventional ultrasonic testing and exhibited the typical modulation 
behavior due to the resonance effects. Of particular interest is the 
transmission coefficients which were calculated using the peaks of the 
spatial frequency spectrums. The obtained results showed remarkable 
agreement with the results from conventional ultrasonic testing as 
demonstrated in Figure 6.19. This is another indication of the 
usefulness and practicality of ultrasonic spectroscopy method. 
Another important conclusion is that when the transmitted signal 
in conventional ultrasonic testing turn out to be weak and noisy (i.e., 
deep slits), the reflected signal can be used since they grow stronger 
as the slit depth increases. For shallow slits, analysis of the 
transmitted signals could prove more promising as the reflected waves 
are comparatively weak. 
With the knowledge gained from the behavior of surface slits, the 
problem of characterizing sub-surface slits was tackled. The lower tip 
of the slit was placed at 18 mm from the surface and remained fixed so 
that strong interaction of the generated shear wave accompanying the 
incident Rayleigh wave could be avoided. The upper tip of the defect 
was extended toward the surface of material in incremental steps. The 
photoelastic images of the Rayleigh wave interactions with these defects 
were recorded by both Cranz-Schardin and laser systems and wave-form 
217 
plots of the transmitted and reflected wave-trains were constructed. 
The results for the calculated transmission and reflection coefficients 
are presented in Tables 6.7 and 6.9 respectively. When the peaks of the 
obtained spatial frequency spectrums were plotted against the depth of 
ligament in Figure 6.39, again a certain pattern was identified. In 
either case of reflected or transmitted wave-trains, the peak 
frequencies varied linearly with respect to ligament depths in the range 
from 1 mm (O.OZBX^) to 10 mm (0.28X^). 
From the available data for near surface flaws, a rough estimate 
was made as to the maximum length of the ligament which could be 
evaluated using this method, keeping in mind that the distance between 
the lower tip and surface of the material was not varied. The 
variations in the placement of the lower tip could be the subject of 
future investigation specially for the case that the lower tip would be 
placed closer to the surface thus simulating a buried cavity. The 
maximum detectable length of ligament was estimated to be equal to 17 mm 
(0.48)^) with the sensitivity of the method being reduced when the 
ligament size exceeded 10 mm (O.ZSX^). 
It must be noted that additional data obtained through 
conventional ultrasonic testing on a larger range of defect depths will 
be needed. This will make it possible to accurately construct the 
characteristic curves and establish the aforementioned boundaries for 
effective depth estimation. This task has already been performed to 
some extent for ultrasonic spectroscopic testing of surface slits which 
are cut into the steel specimens [6,9,11,24]. Some of their results 
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were compared and were presented in this report. However, the 
ultrasonic spectroscopic testing of near surface slits in metal 
specimens has not been tried except for cylindrical cavities [13,24]. 
It should be noted that fabricating near surface slits in metal 
specimens is a formidable task by itself. This is due to the 
requirement that in order for the fabricated slits to effectively 
simulate cracks, they should have widths of less than 1/10 of the 
Rayleigh wavelength in the material of interest. For an incident 
Rayleigh wave with a peak frequency of 4.5 MHz, the slit should have a 
maximum width equal to 0.15 mm. 
As for future investigation, a wider variety of defects should be 
investigated while employing laser dynamic photoelasticity. Of 
particular interest are slanted surface and sub-surface defects. The 
knowledge gained from such a study would aid in interpreting the 
ultrasonic signals and frequency spectrums obtained from conventional 
ultrasonic testing. 
Use of lasers systems for dynamic photoelasticity also would make 
it possible to use glass or quartz as the birefringent material. These 
materials can effectively simulate the propagation and interaction 
characteristics of ultrasonic waves in metal specimens (i.e., the 
propagation velocity of Rayleigh wave in glass is 3000 m/sec while for 
structural metals it is 2500-3000 m/sec). The short duration of laser 
pulse (15 nsec) would enable the researchers to "freeze" the motion of 
fringes travelling at such high speed. 
It should be noted that the effects of the residual stresses on 
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changing the velocity of propagation was not taken into consideration 
for this investigation. Another effect of interest is the existence of 
plastic zones which are always present around the tips of cracks and 
their effects on the interaction of Rayleigh waves with such cracks. It 
must be mentioned that plans are underway for a joint research effort 
with Dr. L. J. Bond and his research team, who are involved in numerical 
visualization of Rayleigh wave Interactions with different surface 
discontinuities. Their numerical visual plots along with results such 
as reflection and transmission coefficients will be validated through 
comparison with the dynamic photoelastic results. 
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